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FORWARD

This dissertation is arranged into chapters that
represent papers essentially ready to submit to be
published, already submitted, or already published. The
Introduction and Literature Review are included to set the
stage and outline the need for, and the areas of, the
following chapters which are formatted as individual papers.
All chapters are written in the style of Pesticide
Biochemistry and Physiology (published by Academic Press).
Anyone attempting to reproduce all or part of this
manuscript should be aware that infringement of copyrights
held by Academic Press could result (since at this pont in
time, Chapter 3 has been published, and Chapter 5 is in
press). Appendices are included which cover areas too
detailed to be included in the chapters. The reader should
also be aware that patents may be applied for, or pending,
which deal with the practical usage of information contained
within this manuscript.
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ABSTRACT

Fenvalerate, and cis- and trans-permethrin were
hydrolyzed by eggs, larvae, pupae, and adults of P.
includens and H. virescens. Hydrolysis (per larva) increased
logarithmically to a maximum in last instars for the three
pyrethroids in both insect species. trans-Permethrin
hydrolysis was maximal in midguts, fat bodies, and cuticles
of last instar P. includens in the late feeding stage.
Changes in rates of hydrolysis appeared to influence
toxicity.
The midgut of both PL includens and H. virescens was
generally the most active tissue in hydrolyzing the three
pyrethroids tested. trans-Permethrin was generally
hydrolyzed more rapidly than cis-permethrin or fenvalerate.
cis- and trans-Permethrin were apparently hydrolyzed by the
same enzyme from P. includens midguts, which had a molecular
weight of ca. 80,000, a pi of 4.6-4.8, and a Km of 60 pM.
The enzyme was susceptible to inhibition by
organophosphates, carbamates, chelators, and sulfhydryl
group reagents, and was closer in properties to leucine
aminopeptidase than to alpha-naphthyl acetate esterase.
Fenvalerate was hydrolyzed by at least four enzymes, with
molecular weights of ca. 60,000, and pis ranging from 4.6 to
xvi
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6.8 .
The best organophosphate, chelating, and
trifluoropropanone sulfide inhibitors of trans-permethrin
hydrolysis in P. includens midguts were relatively nonpolar.
Some significant synergism of trans-permethrin to P.
includens was seen for compounds in these groups.
Field collected H. virescens and P. includens generally
hydrolyzed cis- and trans-permethrin and fenvalerate more
rapidly than a lab strain. Feeding the lab strain on cotton
or tobacco vs. artificial diet generally caused higher rates
of hydrolysis in H. virescens, as did feeding the lab strain
of P. includens on a resistant variety of soybeans.
A strain of H. virescens from California (Imperial
Valley) was more tolerant to trans-permethrin (12.5 X),
cis-permethrin (5.4 X), and fenvalerate (2.5 X) than a lab
strain, but trans-permethrin was equally toxic to both
strains when synergized with profenofos. The rates of cisand trans-permethrin hydrolysis were generally 2-3 X greater
in third and last instars of the Imperial Valley than in the
lab strain. Isoelectric focusing indicated increased levels
and forms of enzyme activity in the Imperial Valley vs. lab
strain.

xvii
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CHAPTER 1

INTRODUCTION

1
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2

Pyrethroid insecticides are synthetically derived
insecticides whose structures are based on the naturally
occurring pyrethrins from Chrysanthemum cinerariaefolium
Vis. and C. coccineum Willd.

(1). The plant-derived

pyrethrins have been in use since ancient times, and are
still in use today (1). However, since the advent of the
first synthetically derived pyrethroid in 1949 (allethrin)
(2), the importance of pyrethroids in insect control has
continued to escalate. This was especially true once
photostable compounds were developed, which made the use of
pyrethroids in field-oriented situations economically
feasible (3).
Pyrethroid insecticides have several advantages over
other insecticides. They are at least 5-10 X more toxic to
insects than are the typical organophosphates and carbamates
(3). Thus, a lower amount of pyrethroids than
organophosphates or carbamates can be placed in the
environment to obtain equivalent levels of insect control.
The pyrethroids are generally less toxic on a mg/kg basis
than organophosphates and carbamates to mammals (3). Also,
the pyrethroids are rapidly absorbed to soil surfaces, so
leaching into water systems is generally not a problem (4).
The pyrethroids are also rapidly metabolized compared to the
organochlorine insecticides (4). Continued research has
yielded structures which are toxic to pest insects, but less
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toxic to beneficial insects (3). Unfortunately, the
pyrethroids are still relatively expensive to produce
compared to organophosphates and carbamates (2).
Pyrethroids are registered for use in a variety of
insect control situations. Generally, pyrethroids are used
for control of lepidopterous and coleopterous pests of field
crops, fruits, and vegetables, livestock pests, stored
product pests, and pests of public health importance (5). Of
course, one of the major factors influencing the toxicity of
pyrethroids, or any other pesticides for that matter, is the
amount of metabolism which occurs prior to the interaction
with the target site. A greater knowledge of metabolism can
lead to more effective use of the pyrethroids, since
measures can then be taken to reduce metabolism (such as
improved formulation or application strategies, or the use
of synergists). However, in spite of the wide variety of
insects that pyrethroids are registered to control, compared
to mammals, relatively little is known about their
metabolism in insects (6).
The lack of knowledge concerning pyrethroid metabolism
in insects such as the tobacco budworm, Heliothis virescens
(F.) and the soybean looper, Pseudoplusia

includens

(Walker) is unfortunate. Heliothis virescens is a serious
agricultural pest, especially on cotton (7). Similarly, P.
includens is a major pest on soybeans in the southeast and
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other crops (8). Pyrethroid insecticides are recommended for
controlling these insects in Louisiana (9), and other states
as well.
However, little is known about pyrethroid metabolism in
these insects. For example, only one example of pyrethroid
metabolism in H. virescens (F.) (10) existed prior to the
recent problems with insect resistance in insects. Likewise,
there appear to be no studies on pyrethroid metabolism in P.
includens (Walker), except for the work that will be
included within this document.
One of the major routes of pyrethroid metabolism in
insects, especially among the Lepidoptera, is hydrolysis
(11). This process involves the enzyme catalyzed addition of
water to the ester bond, resulting in cleavage of the ester
and the formation of carboxylic acid and alcohol products.
Obviously, if the general metabolism of pyrethroids is
poorly understood in P. includens and H. virescens, then the
role of hydrolysis in pyrethroid metabolism in these two
insect species is also poorly understood. However,
pyrethroid hydrolysis in insects is still an area of limited
investigation (11). Thus, the following review of the
literature will serve to determine areas of research on
pyrethroid hydrolysis which are generally needed, and these
needs will be integrated with the obvious need for
investigation of pyrethroid hydrolysis in P. includens and
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H. virescens. The names of the chemicals discussed will be
reported as they appear in the respective papers.
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CHAPTER 2

REVIEW OP THE LITERATURE
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Distribution of Pyrethroid Hydrolysis in Arthropods

Pyrethroid hydrolysis has been investigated in a number
of different arthropods (Table 1). The investigations
include both jji vivo and in vitro methodologies, covering
arthropod species in eight different orders, including both
hemimetabolous and holometabolous insect orders. The
Lepidoptera have been investigated the most thoroughly of
any order; including seven different species. Generally
speaking, the most widely investigated pyrethroid is
permethrin, followed by cypermethrin.
Unfortunately, the different studies vary in terms of
conditions (in vitro vs. iji vivo), method of enzyme
preparation (all the way from crude homogenate to apparently
pure enzyme), and other conditions, so that it is impossible
to accurately compare the activity in different insect
species. The only example where more than a couple of
species have been treated in the same manner is the study by
Jao and Casida (7, Table 2). The general trend in activity
is Oncopeltus fasciatus > Musca domestica, Trichoplusia n i ,
Blatella germanica > Tenebrio mollitor, although this trend
varies for the different isomers. However, the greatest
difference in activity between any two species is still less
than 10 X. Thus, in this case, insect species from different
orders still have comparable activity of pyrethroid
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Table 1. Pyrethroid hydrolysis in different arthropod
species.

Species

Pyrethroid

Method

Reference

ARACHNIDA
ACARI
Ixodidae
Boophilus microplus

t ,C“P

W

1,2

If

t-P

VT

3,4

II

t-C

W

2

II

ft

VT

4

INSECTA
ORTHOPTERA
Blattidae
Periplaneta americana

t, C-P

W

5,6

II

t,c-P?t,c-C

VT

6

t,c-R;t,c-T

VT

7

S-t-P

VT

8

Blatellidae
Blatella qermanica

HOMOPTERA
Aphidae
Myzus persicae
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Table 1, cont.

Species

Pyrethroid

Method

Reference

HEMIPTERA
Lygaeidae
Oncopeltus fasciatus

t-R

W

9

tl

t ,c-R;t,c-T

VT

7

t,c-P;t,c-C

VT

10

t ,c-R?t,c-T

VT

7

Heliothis virescens

t fc—P

W

11

Heliothis zea

II

II

II

Spodoptera eridania

t,c-P

VT

12

Spodoptera exigua

t,c-P

VT

14

NEUROPTERA
Chrysopidae
Chrysopa carnea

COLEOPTERA
Tenebrionidae
Tenebrio mollitor

LEPIDOPTERA
Noctuidae
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Table 1, cont.

Species

Pyrethroid

Method

Reference

Spodoptera littoralis

t,c-P;t,c-C

W

II

II

II

VT

14

Trichoplusia ni

t,c-R;t,C-T

VT

7

II

t,c-P

W

5

II

II

VT

15,16

II

t,c-C

II

16

Wiseana cervinata

t-P

W

17

II

t,c~P;t,c-C

VT

18

Musca domestica

S-B

VT

7

II

t,c-R;t,c-T

II

II

II

t/c-T

II

19,20

It

t rc-P

W

5,15

II

t,c-P

VT

21

II

TM,TC,D

W

22

DIPTERA
Muscidae

t=trans, c=cis, P=permethrin, C=cypermethrin,
B=bioallethrin, R=resmethrin, T=tetramethrin,
TM=tralomethrin, TC=tralocythrin, D=deltamethrin; W = i n
vivo, VT=in vitro.
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Table 2. Relative rates of hydrolysis of resmethrin and
tetramethrin for individual insects treated in the same
manner (adapted from (7)).

Hydrolysis (pmole/min/mg protein)
resmethrin

tetramethrin

Species

trans

cis

trans

0. fasciatus

12.0

6.4

26.8

10.2

B. germanica

7.5

6.9

6.3

6.8

M. domestica

3.6

6.7

10.1

9.2

T. ni

in
•
*3*

1.6

o
.
00

cis

5.6

T. mollitor

1.6

1.3

3.4

4.4

Assays were carried out at 37°C.
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hydrolyzing enzymes.
There are also some instances where the activity of
different insect tissues has been compared (Table 3). The
most outstanding example is that provided by Abdel-Aal and
Soderlund (12), where seven different tissues from S.
eridania were compared. In this case, the activity towards
the trans-permethrin ranged fat body > midgut > cuticle >>>
silk glands, Malpighian tubules, hemolymph, head capsule
(the last four had negligible activity)

(12). However, the

trend in tissue activity for S. eridania does not occur for
the other insect species tested. In general, the most active
tissue is the midgut, especially towards trans- isomers of
the pyrethroids tested. Compared to permethrin, cypermethrin
has less distinct differences in tissue hydrolytic activity.
Arthropods undergo profound metabolic changes during
the process of metamorphosis. However, the effect of
development on pyrethroid hydrolysis has only been
investigated in one instance. In comparing overall
permethrin metabolism in third vs. last instars of H.
virescens, as would be expected, greater metabolism
(including hydrolysis products) was found to occur in the
last instars than in the third instars (11). Similarly,
although plant feeding is known to influence enzyme activity
in insects, the influence of plant feeding on pyrethroid
hydrolysis has not been investigated.
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Table 3. Relative rates of pyrethroid hydrolysis in
different tissues of insects.

Species

S.

eridania

Pyrethroid

6

FB

C

Reference

t-P

1.0

1.3

0.8

If

c-P

1.0

.22

1.1

S. littoralis

t-P

1.0

-

.54

n

c-P

1.0

-

1.0

ii

t-C

1.0

-

.23

n

c-C

1.0

-

1.0

T. ni

t-P

1.0

-

.32

16

it

t-P

1.0

-

.35

It

n

c-P

1.0

-

.33

It

n

t-P

1.0

-

1.1

n

c-C

1.0

-

.67

II

W. cervinata

t-P

1.0

.12

.14*

18

12
It

14
It

II

It

II

Relative values are based on the midgut as 1, adapted from
values listed in the respective papers. Cuticle and
integument are equated. *=referred to as carcass in the
paper. t=trans- , c=cis- , P=permethrin, C=cypermethrin; G=gut
(or midgut), FB=fat body, C=cuticle (or integument).
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The Influence of Pyrethroid Structure on the Rate of
Hydrolysis

Isomers
The structure of many pyrethroids allows for the
existance of different isomers. However/ the designation of
isomers is somewhat variable, since substitutions can alter
the priority of assignment (23). In additon, there is some
variation in the naming of the same isomer for the same
pyrethroid (see Chambers (23) for discussion).
As may have been noted from Table 1, permethrin is
probably the most widely studied pyrethroid. Since it occurs
in both cis- and trans- forms, permethrin provides one of
the best examples of the effects of isomers on the rates of
hydrolysis. Generally, the trans- isomers are hydrolyzed
around 2-3 X more rapidly than the cis- isomers (Table 4).
However, the difference may range up to 25.2 X (for fat
bodies of S. eridania) or even a reversal of this trend (C.
carnea).
The same trend in higher rates of hydrolysis of transvs. cis- isomers that occurs for permethrin is also seen for
cypermethrin (Table 5). Once again, the general trend is for
a 2-3 X greater rate of hydrolysis of trans- vs. cisisomers. However, the rate can be as great as 13 X (guts of
S. littoralis) or completely reversed (C. carnea).
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Table 4. Relative rates of hydrolysis of permethrin isomers.

Species

Ratio (trans/cis)

Method

Reference

Boophilus microplus

20-6.7

W

1

II

2.67

II

2

Periplaneta americana

1.5-2.1

n

5

II

3.3

it

6

II

12.5

VT

Chrysopa carnea

.45

ii

10

Spodoptera eridania

2.7-C

ii

12

II

18.7-G

II

ii

ii

II

25.2-FB

it

II

Spodoptera littoralis

2.1-G

n

14

II

1.1-1

n

II

Trichoplusia ni

2.3-2.4

w

5

II

2.9-G

VT

15

II

3.1-G

n

16

3.0-1

it

II

1.5-1.9

it

15

2.6

w

21

4.2

VT

15

Musca domestica

C=cuticle, G=gut, FB=fat body, I=integument; W = i n vivo,
VT=in vitro.
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Table 5. Relative rates of hydrolysis of trans/ciscypermethrin in different species of insects.

Rate

Boophilus microplus

1.3

W

2

Periplanta americana

2.0

u

6

Chrysopa carnea

0.3

VT

10

Spodoptera littoralis

1.4

W

13

13-G

VT

14

3.0-1

ti

If

1.7-G

it

16

2.7-1

ii

II

Trichoplusia ni

Method

Reference

Species

Values rounded to the nearest tenth, G=gut, I=integument;
W = i n vivo, VT=in vitro.
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Another example of trans- vs. cis- isomer comparisons
of relative pyrethroid hydrolysis is that previously
discussed for insect comparisons of resmethrin and
tetramethrin. However, only in the case of 0. fasciatus and
T. rri are the trends of trans- over cis- preference greater
than 1.5 X. Some reversal in preference is seen for
resmethrin with preparations from M. domestica, and for
tetramethrin and preparations from B. germanica and T.
molitor, although the difference is not as great as that
seen for permethrin and cypermethrin with C. carnea
preparations.
Thus, in general arthropods tend to hydrolyze trans
isomers more rapidly than cis- isomers. However, the degree
of difference depends on the insect species, tissue, and
pyrethroid involved.

Structural substitutions
The wide variety of techniques used to investigate
pyrethroid hydrolysis severely limits the number of studies
useful in making comparisons of the effects of structural
substitutions on rates of pyrethroid hydrolysis. The most
prevalent comparisons exist for permethrin vs. cypermethrin
(the addition of an alpha-cyano group to the 3-phenoxybenzyl
alcohol moiety of permethrin to form cypermethrin)

(Table

5), although a few studies exist that are suitable for other
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types of comparisons (such as halogen substitutions).
The addition of the cyano group to permethrin, to form
cypermethrin, generally results in a relatively lower rate
of hydrolysis. In P. americana, trans-permethrin was
hydrolyzed 8.2 X faster than trans-cypermethrin, while
cis-permethrin was hydrolyzed 5 X faster than
cis-cypermethrin (6).
The difference in rates of hydrolysis between
permethrin and cypermethrin was not as great in T. ni ,
however. Gut preparations hydrolyzed trans-permethrin 1.9 X
faster than trans-cypermethrin, and cis-permethrin at the
same rate as cis-cypermethrin (16). For T. ni integument
preparations, trans-permethrin was hydrolyzed at 1.2 X the
rate of trans-cypermethrin, while cis-permethrin was
hydrolyzed at 0.5 X the rate of cis-cypermethrin (16). In S.
littoralis guts and integuments, trans-permethrin was
hydrolyzed 1.8 X and 4.3 X faster than trans-cypermethrin,
respectively, while cis-permethrin was hydrolyzed at nearly
the same rate as cis-cypermethrin for both tissues (14).
Thus, the relative rates of hydrolysis of permethrin vs.
cypermethrin can depend on the insect species, the tissues
of the insect species, and the isomer of the pyrethroid
involved. In general, however, cypermethrin is not
hydrolyzed as rapidly as permethrin.
The trend for lesser rates of hydrolysis of
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cypermethrin vs. permethrin was also upheld in C. carnea
(10), and S. littoralis in vivo (6). A partially purified
pyrethroid esterase also hydrolyzed trans-permethrin more
rapidly than trans-cypermethrin (4). However, another
partially pure esterase only hydrolyzed trans-cypermethrin
(4). Thus, the addition of a cyano moiety to the alphacarbon of the 3-phenoxybenzyl alcohol of permethrin
(converting from a primary to a secondary alcohol) generally
tends to limit hydrolysis.
In comparing the hydrolysis of cypermethrin vs.
deltamethrin (dichlorovinyl vs. dibromovinyl), it was found
that cis-cypermethrin was hydrolyzed slightly (0.88 X)
slower than deltamethrin by C. carnea (10). Deltamethrin
(dibromovinyl moiety) was hydrolyzed 1.5 X the rate of
tralomethrin (tetrabromoethyl moiety) by M. domestica
preparations (22). However, the hydrolysis of tralomethrin
may also involve debromination to deltamethrin prior to
hydrolysis (22). This extra step may, in part, explain the
somewhat slower rate of hydrolysis of tralomethrin relative
to deltamethrin.

Conclusion
Thus, there are several factors that can potentially
influence the rate that pyrethroid hydrolysis occurs in
arthropods. These factors include: the enzyme source (both
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insect species and the tissues of a particular species), the
isomer of the pyrethroid in question (cis- or trans-), or
substitution of different moieties on the acid or alcohol
portion of the pyrethroids. Unfortunately, very few studies
have involved comparisons of more than a few pyrethroids on
one insect species, or comparisons of one pyrethroid on more
than one insect species.
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Inhibitors of Pyrethroid Hydrolysis

A variety of compounds have been tested as inhibitors
of pyrethroid hydrolysis in insects. Naturally, the
potential for discovering inhibitors that will also serve as
synergists of pyrethroid toxicity has served as additional
incentive for these types of studies. The enzymes
responsible for pyrethroid hydrolysis appear to be
carboxylesterases (see following section on enzyme
characteristics). Presumably, these enzymes would contain a
serine hydroxyl group at the active site in a fashion
analogous to acetylcholinesterases or chymotrypsin. Since
organophosphate and carbamate compounds are typically
effective as inhibitors of serine-hydroxyl
carboxylesterases, these classes of compounds have been the
most extensively studied groups as potential inhibitors.
However, there are a few other studies which have reported
inhibition of pyrethroid hydrolysis with compounds unrelated
to classical serine hydroxyl inhibitors.

Organophosphate compounds (Table 6) . Probably the most
extensively studied compound is DEF®, a defoliant. In
addition to its use in biochemical investigations of
insecticide metabolism, it is widely used as a synergist to
determine if hydrolysis of pyrethroids (or other
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Table 6. Organophosphate inhibitors of pyrethroid
hydrolysis.

Amount

Method

Pyrethroid

Insect

Effect

Reference

DEF (SySrS-tri-butyl phosphorotrithiolate)
4.3 X 10“ 7M

VT

+t-R

OF

50%I

7

9.8 X 10” 9M

II

II

BG

n

II

5.1 X 10"8M

II

II

TN

n

II

30

SN

+t-R

OF

2.3S

9

II

II

n

BG

2.3S

II

II

II

ii

MD

2.3S

II

II

II

ii

TN

2.2S

II

II

n

ii

TM

1.4S

II

II

ii

+C-R

OF

1.0S

II

II

ti

ii

BG

1.6S

II

II

ii

ii

MD

4. OS

II

II

ii

ii

TN

1.7S

II

II

ii

»

TM

2.3S

II

II

ti

+t-T

OF

15.OS

II

II

n

II

BG

2.3S

II

II

n

II

MD

2.IS

II

II

ii

II

TN

2. OS

II

II

ii

II

TM

3. OS

II

\xg/g
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Table 6, cont.

Pyrethroid

Insect

Effect

Reference

SN

+C-T

BG

1.0S

9

II

It

II

MD

3. OS

II

II

II

II

TN

1.6S

n

5X

SN

t-P

TN

0.6S

24

II

II

II

MD

1.1S

II

II

II

c-C

TN

3. IS

It

II

II

ii

MD

1.7S

II

Amount

30

ng/g

Method

VT

t-P

TN-G

82%I

16

It

n

TN-C

85%I

II

M

It

n

CC

84%I

10

S

Profenofos

II

c-P

TN-G

91%I

16

It

II

II

TN-C

63%I

II

II

II

t-C

TN-G

96%I

II

n

II

ii

TN-C

98%I

II

ti

II

c-C

TN-G

90%I

II

ii

11

It

TN-C

68%I

II

1.5X

SN

t-P

TN

1.4S

24

It

n

II

MD

0.6S

II

II

ti

c-P

TN

3.6S

II

10”5

M

II

(-■

o
I
U1

10"7
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Table 6, cont.

Amount

Method

Pyrethroid

Insect

Effect

Reference

1.5X

SN

c-P

MD

2.4S

24

II

II

F

TN

1.3S

II

II

If

F

MD

1.5S

II

n

c-C

TN

20.OS

16

n

t-P

If

4.OS

II

SN

t-P

SL

3. OS

14

II

it

c-C

n

3. OS

II

UNSP

it

t-P

TC

1.0S

26

2

nmole

II

4

nmole

Triphenyl phosphate (TPP)
10"7M

VT

t-P

CC

36%I

10

W

II

SL-R

UNSP

13

n

W

c-P

n

If

II

10X

W

t-P

PA

79%I

6

SE-R

1.0S

13

500

nmole

Actellic
10X

SN

t fc—P
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Table 6, cont.

Amount

Method

Pyrethroid

Insect

Effect

Reference

Coumaphos
10X

SN

t-P

BM

1.7S

2

II

II

c-P

"

1.1S

n

II

It

t-C

"

6. OS

ii

II

II

c-C

"

4. OS

ii

Sulprophos
1.5X

SN

t-P

TN

0.8S

24

II

II

c-P

TN

2.8S

II

Phenyl sa ligenin cyclic phosphonate (PSCP)
10"9M

VT

t-P

CC

0.0%I

10

10-7m

II

ii

n

92.0%I

II

90|ig/g

SN

n

n

68S

n

98%I

3

Coroxon
1.05

X 10“6M VT

t-P

BM
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Table 6, cont.

Amount

Method

Pyrethroid

Insect

Effect

Reference

Pirimiphos-methyl
10“ 4m

VT

t-P

WC

96%I

18

If

VT

c-P

n

90%I

n

Paraoxon
0.25|igm

W

t-P

BM

80«I

i

II

n

c-P

"

40%I

it

TEPP (tetraethyl pyrophosphate)
5

X 10"9M

VT

TM

MD

96.9%I

22

Some values have been calculated from data supplied in the
respective papers. VT=in vitro, VV=in vivo, SN=applied as a
synergist; t=trans-, c=cis-, R=resmethrin, T=tetramethrin,
P=permethrin, C=cyperemthrin, TM=tralomethrin;
OF=Oncopeltus fasciatus, BG=Blatella germanica, MD=Musca
domestica, TN=Trichoplusia n i , TM=Tenebrio mollitor,
CC=Chrysopa carnea, SL-R=Spodoptera littoralis (resistant),
SE-R=Spodoptera exigua (resistant), BM=Boophilus
microplus,WC=Wiseana cervinata; I=inhibition, S=synergism.
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hydrolyzible insecticides) is occurring. It is probably most
frequently used in toxicity testing of resistant insects,
once again to determine if increased rates of hydrolysis are
contributing to resistance (however, other compounds may be
more appropriate for testing the involvement of hydrolysis
in pyrethroid resistance, depending on the insect species,
see below). DEF has been found to inhibit the hydrolysis of
trans-resmethrin in 0. fasciatus, B. germanica, and T. ni
(7), as well as trans-permethrin hydrolysis by gut
preparations from T. ni (16). However, its value as a
synergist seems to depend on the pyrethroid involved.
Unfortunately, confidence intervals for the LD^ q S were not
given in the studies cited, making it difficult to determine
when statistically significant changes in toxicity due to
synergism occurred. In testing the effectiveness of DEF in
combination with different pyrethroids on several insects,
DEF synergized (+)-trans-resmethrin from 2.3 X (0.
fasciatus, B. germanica, M. domestica) to 1.4 X (T.
molitor), (+)-cis-resmethrin by 4.0 X (M. domestica) to 1.0
X (0. faciatus), (+)-trans-tetramethrin from 15 X (0.
fasciatus) to 2.0 X (T. n i ), and (+)-cis-tetramethrin from
3.0 X (M. domestica) to 1.0 X (B. germanica) (9). In
addition, while DEF synergised cis-cypermethrin by 3.1 X on
T. ni at a 5:1 ratio, the synergist ratio (SR) for DEF on
trans-permethrin under the same conditions was 0.6 (24). On
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M. domestica,

DEF synergized trans-permethrin by 1.1 X, and

cis-cypermethrin by 1.7 X (24).

Thus, for a compound that

is frequently used to indicate the presence of pyrethroid
hydrolysis, there appears to be an undesirable variability
of response.
Of all of the compounds that have been tested as
inhibitors of pyrethroid hydrolysis (and subsequently as
synergists) to date, profenophos appears to have the most
potential for commerical use as a synergist at this point in
time. It has apparently been incorporated with cypermethrin
and sold on a commercial basis ("Polytrin C" (25)).
Profenofos inhibited the hydrolysis of cis- and
trans-permethrin, and cis- and trans-cypermethrin by gut and
cuticle preparations from T. ni^ (16), as well as
trans-permethrin hydrolysis by preparations from C. carnea
(10). Generally, the hydrolysis of the cis- isomer was
inhibited to a greater extent than that of the corresponding
trans- isomer (16). This trend was reflected when profenofos
was used as a synergist (1.5:1) on T. ni and M. domestica,
since trans-permethrin was synergized 1.4 and 0.6 X,
respectively, while cis-peremthrin was synergized 3.6 and
2.4 X (24). Fenvalerate was also slightly synergized (1.3 X
and 1.5 X for T. ni and M. domestica, respectively), when
coapplied with profenofos (24). However, none of the
preceeding studies used any statistical tests to determine
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if synergism was significant.
Ingested profenofos has been even more effective as a
synergist. Profenofos incorporated into diets synergized
cis-cypermethrin toxicity by 20 X in T. ni (16), and
synergized both trans-permethrin and cis-cypermethrin by 3 X
in S. littoralis (14). However, profenofos did not synergize
any pyrethroids in Tribolium castaneum or cause any
reductions in development (which were seen with some
oxidative inhibitors)

(26). This response may be due to a

greater importance of oxidative metabolism of pyrethroids,
as opposed to hydrolytic metabolism (26).
A number of other organophosphorus compounds have also
been shown to inhibit the hydrolysis of pyrethroids.
Triphenyl phosphate (TPP) inhibited trans-permethrin
hydrolysis in C. carnea preparations (10). TPP also
inhibited the hydrolysis of cis- and trans-permethrin in S.
littoralis (13) and when topically coapplied (10:1) with
trans-permethrin on P. americana (6). Acephate topically
applied inhibited Ln vivo cis- and trans-permethrin
metabolism in H. zea and H. virescens (11), although the
effect on hydrolysis was not clear. Actellic, however,
failed to synergize permethrin toxicity (at 10:1) in
pyrethroid resistant S. exigua (13). Coumaphos has been
shown to be a fairly effective synergist, in one case
synergizing the toxicity of trans-cypermethrin to B.
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microplus by 6.0 X (2). Sulprophos.has also been shown to be
a fairly effective synergist for cis-cypermethrin on T. ni
at 1.5:1 (24). Phenyl saligenin cyclic phosphonate was
tremendously effective as a synergist for trans-permethrin
in C. carnea larvae (68 X ) , and inhibited hydrolysis by 92%
at 10” 7 M (but 0% at 10“ ^M) (10). However, in C. carnea,
hydrolysis of pyrethroids appears to be almost the sole
route of metabolism (10), so effective synergism with an
esterase inhibitor would be expected. Other effective
inhibitors (or synergists) of pyrethroid hydrolysis include
coroxon (3), pirimiphos-methyl (18), paraoxon (20, 2),
parathion, TOCP, malathion, malaoxon, sumathion, sumaoxon,
MGK 264 (20, Table 11), and TEPP (22). Obviously, only a few
of the organophosphates that have been investigated have
been used in more than one study, and in only one case (20),
have more than a few organophosphates been evaluated under
the same conditions at one time. Unfortunately, this
evaluation was only done at one constant concentration.

Carbamates (Table 7) Several carbamates have also been
tested as inhibitors of pyrethroid hydrolysis. The most
extensively investigated carbamate is 1-naphthyl, N-propyl
carbamate (NPC), an analog of carbaryl. NPC was found to be
an effective inhibitor of trans-resmethrin hydrolysis by
preparations of 0. fasciatus, B. germanica, and T. ni d g g S
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Table 7. Carbamate Inhibitors of Pyrethroid Hydrolysis

Amount

Method

Pyrethroid

Species

Effect

Reference

NPC (1-Naphthyl, N-propyl carbamate)
>

OP

50%I

7

X 10"9M

"

II

BG

II

II

"

II

TN

II

II

10"7M

II

t-P

SE-C

10%I

12

II

II

II

SE-G

20%I

It

II

II

II

SE-PB

20%I

II

c-P

SE-C

0«I

It

o
I— I

00s
1

+t-R

2.3

X

8.4
2.8

X 10_8M

5

X 10~5m

II

II

II

SE-G

7%I

II

•1

II

II

SE-FB

18«I

II

10X

w

t-P

PA

66%I

6

30pg/g

SN

+t-R

OF

4.7S

9

II

It

it

BG

3. OS

II

II

II

it

MD

2. IS

II

II

II

n

TN

3. IS

IP

II

It

n

TM

2. OS

II

II

II

+C-R

OF

1.1S

II

II

II

n

BG

2. IS

II

II

II

n

MD

1.8S

II

II

II

ii

TN

1.8S

II
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Table 1, cont.

Amount

•

Method

Pyrethroid

Insect

Effect

Reference

30|jig/g

SN

+c-r

TM

2. OS

9

II

II

+t-T

OF

35S

II

II

II

ti

BG

2.6S

n

II

II

ii

MD

1.8S

n

II

II

n

TN

2.2S

it

II

II

ii

TM

2.8S

n

II

II

+C-T

BG

1.0S

n

II

II

n

MD

2. IS

n

II

II

n

TN

1.6S

it

Carbaryl
1(T4m

VT

t-P

WC

90%I

18

II

ii

c-P

ii

88%I

II

10-5m

n

t-P

TN-G

75%I

16

10X

W

t-P

PA

66%

6

ii

c-P

WC

0%

18

BM

39.5%I

3

UNSP

Eserine
10"5M

VT

t-P
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Table 7, cont.

Some calculation of data supplied in references may have
been made. UNSP=unspecified; VT=in vitro, W = i n vivo,
SN=applied as a synergist; c=cis~, t=trans~, R=Resmethrin,
T=Tetramethrin, P=Permethrin, C=Cypermethrin; OF=Onchope1tus
fasciatus, BG=Blatella germanica, MD=Musca domestica,
TN=Trichoplusia n i , TM=Tenebrio mollitor, BM=Boophilus
microplus,SE=Spodoptera eridania, PA=Periplaneta americana,
WC=Wiseana cervinata, S=synergist ratio, I=inhibition
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ranged from 2.8 to 0.84 X 10“® M) (7). NPC also was
effective in inhibiting the hydrolysis of cis- and
trans-permethrin by cuticle, gut, and fat body preparations
of S. eridania, where it was more effective in inhibiting
trans- than cis-permethrin hydrolysis (12). NPC also
inhibited the hydrolysis of trans-permethrin when applied
topically to P. americana (6). NPC has also shown some
effectiveness as a synergist (see (27) for extensive
screening of carbamate synergists). In a study of different
pyrethroids on several insect species, activity ranged from
4.7 X (0. fasciatus) to 2.0 X (T. mollitor) for
(+)-trans-resmethrin, 2.1 X (B. germanica) to 1.1 X (0.
fasciatus) for (+)-cis-resmethrin, 35 X (0. fasciatus) to
1.8 X (M. domestica) for (+)-trans-tetramethrin, and 2.1 X
(M. domestica) to 1.0 X (B. germanica) for
(+)-cis-tetramethrin (9). Thus, as was seen for DEF, the
effectiveness of NPC as a synergist depends on the insect
species and pyrethroid involved.
Carbaryl also appears to be an effective inhibitor of
pyrethroid hydrolysis in many instances. It inhibited the
hydrolysis of trans-tetramethrin by different strains of M.
domestica (20, Table 11), the hydrolysis of both cis- and
trans-permethrin by W. cervinata (18), and the hydrolysis of
trans-permethrin by T. ni gut preparations (16). When
topically applied to P. americana, carbaryl was effective in
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inhibiting the hydrolysis of trans-permethrin (6), but it
did not inhibit the hydrolysis of cis-permethrin by W.
cervinata preparations after being topically applied (17).
A few other carbamates also appear to inhibit
pyrethroid hydrolysis. Meobal was effective in inhibiting
trans-tetramethrin hydrolysis in M. domestica (20, Table
11), and eserine inhibited the hydrolysis of
trans-permethrin by B. microplus preparations (3).

Sulfhydryl group reagents (Table 8)

Some sulfhydryl group

reagents also appear to inhibit pyrethroid hydrolysis.
N-ethylmaleimide (NEM) inhibited the hydrolysis of
trans-tetramethrin to varying degrees when added to
preparations of different strains of M. domestica (20, Table
11). NEM also appeared to inhibit tralomethrin and
tralocythrin hydrolysis by M. domestica preparations,
although the apparent inhibition may have been due to an
inhibition of the debromination reactions prior to
hydrolysis (22). Another compound, £-chloromercuribenzoic
acid (PCMB) slightly (<5% at 10“ ® M) inhibited the
hydrolysis of trans-permethrin by B. microplus preparations
(3). However, PCMB greatly inhibited (ca. 90% at 10“ ^ M) the
hydrolysis of trans-tetramethrin by different strains of M. .
domestica (20, Table 11). Unfortunately, it is difficult to
say just how effective PCMB is in these two cases, since the
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Table 8. Sulfhydryl group reagents inhibiting pyrethroid
hydrolysis.

Amount

Method

Pyrethroid

Species

Effect

Reference

N-ethylmaleimide (NEM)
7

X 1<T3M

It

VT

TM

MD

9 3 . 8%I

22

n

TC

n

8 9 . 8%I

22

p-chloromercuribenzoic acid (PCMB)
10“ 5M

VT

t-P

BM

2 .6%I

3

VT=in vitro; TM=tralomethrin, TC=tralocythrin,
D=deltamethrin; MD=Musca domestica, BM=Boophilus microplus;
I=inhibition.
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concentration, the substrate, and the organism used for
study were different. Both Hg+2 and Cu+2 inhibited the
hydrolysis of trans-tetramethrin by preparations of M.
domestica (20, Table 11).

Inhibitors of Oxidative Metabolism (Table 9) Some compounds
that are frequently used to inhibit various forms of
oxidative (by monooxygenases) metabolism also appear to
inhibit pyrethroid hydrolysis to some extent. The inhibition
by the organophosphates in this category may be due to
interaction with a serine-hydroxyl group of hydrolytic
enzymes responsible for pyrethroid hydrolysis (as opposed to
the cytochrome P-450 system, as is suspected for
monooxygenase inhibition) in some cases (16). Piperonyl
butoxide (PB) inhibited cis-permethrin hydrolysis by 80% and
trans-permethrin hydrolysis by 50% in W. cervinata
preparations (18). However, PB was only slightly inhibitory
(0-22% at 1 X 10

M) for trans-tetramethrin in vitro in

different strains of M. domestica (20, Table 11), and when
topically applied to P. americana for trans-permethrin in
vivo (6).

NIA 16388 was effective (equal to or greater than

50%) in inhibiting the hydrolysis of trans-permethrin in P.
americana (6), and M. domestica (20, Table 11). In addition,
1-dodecylimidazole (DI) inhibited the hydrolysis of transand cis-permethrin by greater than 50% at 10

M in
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Table 9. Inhibition of pyrethroid hydrolysis with inhibitors
of oxidative enzymes.

Amount

Method

Pyrethroid

Species

Effect

Reference

Piperonyl butoxide (PB)
10"4M

VT

t-P

WC

50%I

18

II

II

c-P

"

80«I

II

10X

W

t-P

PA

10%I

6

PA

50%I

6

NIA 16388
10X

w

t-P

1-Dodecylimidazole (DI)
10"4 M

VT

t-P

WC

52%I

18

II

n

c-P

"

56%I

18

10X

W

t-P

SE

40%I

13

10X

SN

it

n

10S

•1

PA

8%I

6

PA

5%I

6

Metapyrone
10X

W

t-P

Tropitol
10X

W

t-P
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Table 9, cont.

Some values may have been calculated from data in the
references. VT=in vitro, W = i n vivo, SN= as a synergist;
c=cis-, t=trans-, P=permethrin; PA=Periplaneta americana,
WC=Wiseana cervinata, SE=Spodoptera exigua; I=Inhibition,
S=synergist ratio.
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preparations of.W. cervinata (18). DI also inhibited the
hydrolysis of trans-permethrin by 40%, and synergized
trans-permethrin by 10X for S. exigua (13). Varying levels
of inhibition have also been noted for M6K 264, S-421 (20,
Table 11), and to a slight extent, metapyrone and tropitol

(6 ).
In spite of some cases of activity by oxidative
inhibitors, none of them have been as effective as the more
active organophosphates when direct comparisons of
hydrolytic metabolism have been run (see below). Perhaps
some competitive interactions occur with the enzyme when the
inhibitor is used at a much higher concentration than the
substrate, since many of the inhibitors of oxidative
metabolism are nonpolar, and could therefore bind to the
theoretical nonpolar active site of the enzyme (a nonpolar
sink). On the other hand, some of the metabolism which was
assumed to be hydrolytic in studies where the oxidative
inhibitors were effective, may have been due to oxidative
metabolism as well.

Miscellaneous inhibitors (Table 10)

A variety of compounds

which do not readily fall into the previously discussed
categories are also apparently inhibitors of pyrethroid
hydrolysis. A very high concentration of guanidinium
chloride (6M) inhibited the hydrolysis of trans-permethrin
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Table 10. Miscellaneous compounds tested as inhibitors of
pyrethroid hydrolysis.

Amount

Method

Pyrethroid

Species

Effect

Reference

Guanidinium chloride
6M

VT

t-P

BM

99.9%I

3

95.2%I

3

Sodium fluoride (NaF)
10“ 3 M

VT

t-P

BM

Cypermethrin (40:60, cis-;trans-)

10X

W

t-P

PA

43%I

6

Tetrabromophenophthalein (TBPP)
10"4 M

VT

t-P

WC

50%I

Some values may have been calculated from data in the
references. VT=in vitro, W = i n viv o ; t=trans - , c=cis- ,
P=permethrin; BM=Boophilus microplus, PA=Periplaneta
americana, WC=Wiseana cervinata; I=inhibition.
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almost totally (3), and NaF (at 1 X 10

M) was almost as

effective on B. microplus (3). Cypermethrin topically
applied (10;1) inhibited the hydrolysis of trans-permethrin
by 43% in P. americana (6). Chlordimeform (11) (not in table
10) inhibited the metabolism of trans- and cis-permethrin in
H. virescens and H. zea, although the effect on hydrolysis
is difficult to determine. Tetrabromophenolphthalein (TBPP)
(18) also inhibited trans-permethrin hydrolysis in W.
cervinata.

Comparing the Effectiveness of Inhibitors The extreme
variability in assay conditions/ substrate, organism, and
inhibitor concentration makes it very difficult to evaluate
the relative effectiveness of various inhibitors of
pyrethroid hydrolysis. There are only a few instances where
several inhibitors have been evaluated under the same
conditions. For example, inhibitory activity ranged
pirimiphos-methyl > carbaryl >> DI, TBPP, PB at 10-4 M in
inhibiting trans-permethrin hydrolysis by W. cervinata
preparations (3). Inhibitory activity ranged carbaryl, NPC >
NIA 16388 > cypermethrin »

PB, metapyrone, tropitol when

topically applied to P. americana in inhibiting
trans-permethrin hydrolysis (6). In the most comprehensive
comparison of inhibitors of pyrethroid hydrolysis (Table
11), the organophosphates malathion, malaoxon, parathion,
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Table 11. Inhibitors of trans-tetramethrin hydrolysis by M.
domestica at 10"3M (adapted from (20))

Inhibition of Hydrolysis in Strains
SK

Lab-em-7-em

Malathion

90.7

89.1

89.9

82.7

Malaoxon

93.2

89.7

84.9

88.8

Parathion

92.6

90.6

91.4

86.0

Paraoxon

92.6

92.3

87.9

85.0

Sumithion

91.7

91.4

90.3

81.3

Sumioxon

92.9

88.8

88.3

83.5

Carbaryl

92.9

89.4

88.7

86.0

Meobal

80.5

78.8

86.8

80.6

NIA 16388

91.7

91.7

83.3

87.4

PB

22.3

16.2

0+

0+

S-421

25.1

49.3

75.5

86.0

TOCP

11.5

0+

0+

9.1

10.6

34.6

57.6

86.3

87.3

88.3

89.9

5.6

37.5

61.9

0+

HgCl2

92.3

92.3

89.5

92.1

CuCl2

68.1

67.0

78.2

77.7

MGK-264
PCMB
NEM

Rhokota

Py

Compound

7.9
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Table 11, cont.

PB=piperonyl butoxide, TOCP=tri-o-cresyl phosphate,
PCMB=£-chloromercuribenzoic acid, NEM=N-ethylmaleimide,
0+=some enhancement of activity.
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paraoxon, sumithion, sumioxon; the carbamates carbaryl and
meobal, the oxidative metabolism inhibitor NIA 16388, and
the sulfhydryl group inhibitors PCMB and Hg+2 all inhibited
the hydrolysis of trans-tetramethrin by microsomal
preparations from M. domestica at 1 X 10“^ M by greater than
85%. The variation within the strains makes it difficult to
accurately determine the more effective class, although it
appears the organophosphates were the most effective. In
contrast to what would be expected for organophosphates in
acetylcholinesterase inhibition, little difference was seen
between the -thionate and -oxon analogs of the
orgaonphosphates tested. Of moderate activity (75-25%
inhibition) were Cu+ 2 , S-421, NEM, and MGK-264, and of
limited activity (< 25% inhibition) were PB and TOCP.
Obviously, a comprehensive study of inhibitors,
including determination of I50s, and a follow-up with
synergistic activity (although this has been done to some
extent for carbamates (27)) is needed for a better
understanding of the inhibitor and synergist response of
pyrethroid hydrolyzing enzymes. No definite structural
generalizations for any of the classes of inhibitors, as far
as a more effective structure in inhibiting pyrethroid
hydrolysis, seems possible at this time. As has been pointed
out (28), the effectiveness of hydrolytic inhibitors as
synergists depends on the insect species and pyrethroid
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involved. The relative importance that hydrolysis plays in
metabolism of a specific pyrethroid in an insect species
probably explains the differences in synergism seen for
different insect species, and pyrethroids.
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Nature and Properties of Pyrethroid Hydrolyzing Enzymes

Probably the most confusing area dealing with
pyrethroid hydrolysis is that concerning the identity (or
native role) of the enzymes responsible. Since it is an
ester bond that is broken during hydrolysis is an ester
bond, it is generally assumed (see discussion below) that
the enzymes involved are esterases (that is, enzymes whose
native function in the insect in question is the hydrolysis
of carboxylic esters). Of course, other enzymes having
different native functions are capable of hydrolyzing (or
apparently hydrolyzing) carboxylic esters, including
proteolytic enzymes, amidases, acetylcholinesterases,
glycosidases, phosphatases, and even monooxygenases (29).
Several attempts have been made to identify the native role
(as far as a nomenclatural designation in the I.U.P.A.C.
enzyme nomenclature system), generally through the use of
groups of indicative inhibitors. However, these schemes
often appear arbitrary, and are usually intended for
vertebrates. Apparently, the results of inhibitor use on
various purified enzymes have been extrapolated into
generalized classification schemes using the same inhibitors
on impure enzyme preparations, that certainly deviate from
the original research upon which the inhibitor information
was derived. While these schemes will certainly give some
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indication of enzyme characteristics, they may not be
appropriate for classification determination. For example,
leucine aminopeptidases have a varying response to such
"indicative inhibitors" as EDTA and Hg+ ^ (30). To say that a
particular enzyme in question is or is not a specific
classification (E.C.) based on a few inhibitors, each
representative of a particular class of inhibitor, is
premature, at best. For example, the response to a
particular inhibitor may involve an interaction with an
allosteric site, which is removed from the "active site"
which determines the substrate specificity (and hence the
native role). Hence, it may be possible to get a positive
response with an inhibitor on an enzyme that has a totally
different substrate specificity from another enzyme that the
inhibitor in question is supposedly specific for. This
response may be due to an interaction with an allosteric, as
opposed to an active site. Obviously, comparisons of
substrate specificity are needed on relatively pure enzyme
preparations in order to get some idea of the native role of
the enzyme in question. However, these investigations need
to be tempered with the likelihood of a particular substrate
being naturally present. For example, certain
acetylcholinesterases (found in a nerve tissue environment),
will hydrolyze aryl esters more rapidly than choline esters
(31). To presume to say that these acetylcholinesterases are
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arylesterases is ludicrous. However, it may be difficult or
impossible to obtain purified enzymes suitable for substrate
specificity work. If it is not feasible to do substrate
specificity studies (for instance if one is interested in
the metabolism of a xenobiotic), then a more workable
alternative would be to do comparisons of a substrate that
one is interested in (which may not be present in a
situation that would immediately suggest that it would be
the native substrate for a particular enzyme), and a
substrate supposedly characteristic for a particular class
of enzyme. These studies would involve the different enzymes
(as reflected by a response to the two different substrates)
that have been separated by at least two different methods.
In this case, responses to different classes of inhibitors
would be valuable, provided more that one or two examples of
each class is used. However, this method is more valid for
disproving a particular hypothesis concerning a native role.
Only purified preparations are really useful in positively
determining native roles.
Estimates of the number of enzymes involved in
pyrethroid hydrolysis have been attempted. However, the
reliability of the conclusions of some of the studies
depends on the techniques used. For example, separations by
gel filtration where pyrethroid and general esterase
activity occurs in the same fractions are sometimes
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interpreted to indicate that the enzymes involved in
hydrolysis of the two substrates are the same (see below).
However, an "enzyme" that appears homogeneous after
separation by gel filtration chromatography (size
separation), may appear as multiple points of activity (or
protein bands), after gel electrophoresis, anion, cation, or
affinity exchange chromatography, isoelectric focusing, or
by immunological techniques. One technique that has been
used to indicate or demonstrate that there are multiple
enzymes present that are responsible for pyrethroid
hydrolysis is through the use of differential inhibition. If
inhibition only occurs up to a certain level (say 50%) as
the concentration of the inhibitor is increased, then the
change in curve shape is attributed to the presence of
multiple enzymes, each having a different response to the
inhibitor. Once again, however, this is a technique that
must be used with caution, and is more appropriate for
purified enzyme systems (of course, if the enzymes are pure,
then the question of how many enzymes are present should
have been solved). For example, a change in inhibitor
response may be due to differential binding on the different
pyrethroid hydrolyzing enzymes. However, it may also be due
to differential binding to other potential sites in the
enzyme preparations, with different proteins (enzymes)
competing for the inhibitor, so that a response that is
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attributed to enzymes that hydrolyze pyrethroids is actually
due to an interaction with other proteins. In addition, a
plateau effect may be due to the reaching of the limits of
solubility of the inhibitor.
With the preceeding information in mind, it may now be
possible to evaluate the literature from a more enlightened
perspective. Some results from the literature have indicated
that multiple pyrethroid hydrolyzing enzymes may be present
in insects. Profenofos was a more effective inhibitor of
cis- vs. trans-permethrin hydrolysis for gut preparations
from T. ru, while the opposite trend was noted for
integument preparations (16). This information suggested
that not only may cis- and trans-permethr in be hydrolyzed by
different enzymes, but also the enzymes from the two tissues
sources may be different (16). A similar study by Abdel-Aal
and Soderlund (12) with NPC and the tissue preparations from
S. eridania, once again using cis- and trans-permethrin,
yielded similar results. In this case, there were apparently
"sensitive" and "insensitive" trans-permethrin hydrolyzing
enzymes, and the "sensitive" forms appeared to be similar in
the midgut, fat body, and cuticle (12). In addition, cisand trans-permethrin were hydrolyzed by different enymes in
the same tissue (as determined by inhibitor response), and
the "insensitive form" of enzymes responsible for the
hydrolysis of trans-permethrin in the three tissues appeared
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to be different enzymes in each tissue (12). However, this
information should be considered in light of the previous
discussion on pure vs. impure enzyme preparations, since the
inhibitors could be binding to more than just the enzymes
responsible for pyrethroid hydrolysis. In addition, poor
solubility of the inhibitors may have given the results that
suggested an "insensitive form" of enzyme was present, when
actually the limiting factor in the inhibitor response was
due to a limits of solubility.
Unfortunately, only a few examples of work exist that
deal with pyrethroid hydrolysis as assayed with partially
purified enzymes. In addition, many of these papers lack the
depth of study that is needed to determine the "native" role
of the enzyme involved, in that only one or two separation
techniques were used, sometimes in combination with a few
inhibitors. An "esterase" (E4) with a molecular weight of
45,000 obtained from an organophosphorus resistant strain of
M. persicae (two step purification with gel filtration and
ion exchange chromatography, degree of purification not
stated, interpreted as pure with SDS electrophoresis),
hydrolyzed organophosphates, carbamates, alpha-naphthyl
acetate, and only the (lS)-trans- isomer of permethrin (8).
This enzyme was inhibited by eserine (8), which is a
criterion in some classification schemes for an enzyme to be
called an acetylcholinesterase. However, the authors (8)
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demonstrated that the enzyme did not hydrolyze
acetylcholine. The results for eserine in this study
demonstrates what has been discussed previously, namely,
that using a response to an inhibitor as a criterion for
classification can be potentially misleading.
An enzyme isolated from B. microplus by use of ammonium
sulfate fractionation followed by gel filtration
chromatography (Sephadex® G-200, degree of purification not
stated), hydrolyzed trans-permethrin, and £-nitrophenyl
butyrate (3). Triton-X-100 was used to (apparently) separate
the enzyme from its native position bound to membrane or
lipid material (3). Although the authors suggested that the
two types of enzyme activity may have resulted from
different enzymes eluting in the same fractions (suggesting
they would have the same molecular weights), no molecular
weights were given (3). Susceptibility to inhibition by
organophosphates, lack of susceptiblity to inhibition by
PCMB, and a complex indirect argument that the enzyme was
not an acetylcholinesterase, led the authors to conclude
that the enzyme responsible for pyrethorid hydrolysis was a
carboxylesterase (E.C. 3.1.1.1).
Further work on this enzyme system (4) demonstrated
that one esterase (pi 4.6, molecular weight of ca. 67,000)
hydrolyzed trans-cypermethrin but not trans-permethrin.
Another esterase (pi 5.6-5.8, molecular weight of ca.
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89,000) hydrolyzed both trana- permethrin and
trans-cypermethrin (4). Using isoelectric focusing of
previously separated esterases, different activity patterns
were seen for a pyrethroid susceptible (Yeerongpilly) and a
pyrethroid resistant (Malchi) strain for both
trans-permethrin and trans-cypermethrin (4). Unfortunately,
no initial activity was determined, so it is impossible to
say how much of a role the esterases play in overall
pyrethroid metabolism; even the recovery from gel filtration
to isoelectric focusing (final step in purification) was
over 60% in only one case. In addition, the activity
patterns for the pyrethroids did not match those for the
other esterase substrates used in isoelectric focusing
studies. Thus, work with inhibitors, where only esterase
substrates were used, is of limited value. Hence, this study
is of less value than it might have been in determining the
properties of pyrethroid hydrolyzing enzymes, since the
authors did not conclusively demonstrate that the esterases
are the same as the pyrethroid hydrolyzing enzymes, and they
base much of their conclusions on this assumption.
Although the enzymes responsible for pyrethroid
hydrolysis may be called carboxylesterases and designated as
E.C. 3.1.1.1, as just discussed, there are cases where
pyrethroid hydrolysis is only partially, or totally
unrelated to the activity for some "general esterase"
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substrate. The partially purified preparation from B.
microplus which contained all of the trans-permethrin
hydrolyzing activity, contained only part of the
£-nitrophenyl butyrate hydrolyzing activity (3). Neither
trans- nor cis-permethrin inhibited the hydrolysis of
alpha-naphthyl acetate in preparations from permethrin
resistant S. exiqua (13), although the concentration used
(which was not stated) may have been too low to have an
effect. In addition, although the organophosphorus compound
actellic totally inhibited alpha-naphthyl acetate hydrolysis
in vitro, it did not synergise permethrin toxicity in the
resistant insects (13). If pyrethroid resistance were due to
increased esterase activity, then the esterase inhibitor
actellic should have produced synergism of the permethrin
toxicity, although jji vivo inhibition was not tested.
However, actellic may be a poor synergist due to metabolism
or poor penetration. Thus, there is some doubt as to whether
pyrethroid hydrolysis is being carried out by general
esterases.
In contrast to studies with insects, a pyrethroid
carboxylesterase purified from rat liver microsomes (45 X),
using gel electrophoresis and gel filtration (Sephadex®
G-100), appeared to be a single enzyme with a molecular
weight of 74,000 (32). This enzyme was inhibited by
organophosphates and carbamates, but not by PCMB, Hg

+2

, or
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Cu

+2

. The trans- isomers of the pyrethroids tested

(tetramethrin, resmethrin, fenothrin, and permethrin) were
generally hydrolyzed ca. 5 X faster that the cis- isomers,
and the enzyme appeared to be nearly identical to malathion
carboxylesterase and £-nitrophenyl carboxylesterase (32).
+2
However, Hg * enhanced malathion carboxylesterase activity

by ca. 50% at three different concentrations, while
trans-resmethrin esterase activity was relatively unaffected
at the same concentrations (32). Thus, the pyrethroid
hydrolyzing enzymes may not be the same as those that
hydrolyze malathion.
The optimum pH and temperature for permethrin
hydrolysis varies in different insects. In cuticles, fat
bodies, and midguts from S. eridania, the optimum pH for
trans-permethrin hydrolysis was 7.5-7.6, and the optimum
temperature was 37° C. (12). On the other hand, the optimum
for trans-permethrin hydrolysis in T. ni (16) and W.
cervinata (18) guts was a pH of 8.5, and a temperature of
ca. 40° C. Hence, the enzymes responsible for pyrethroid
hydrolysis appear to vary from insect species to species.
Some enzyme kinetic parameters for pyrethroid
hydrolysis have also been determined. Kinetic parameters
were determined in several insects for (+)-trans-resmethrin,
and Km s ranged from a minimum of 2.5 [iM for 0. fasciatus to
a maximum of 11.1 piM for T. ni, while Vmaxs ranged from 66
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pmole/min/mg protein for 0. fasciatus to 30 pmole/min/mg
protein for M. domestica (7). For preparations from S.
eridania, respective Km s (ptM) and Vmaxs (pmole/min/mg
protein) for the hydrolysis of trans-permethrin were 40 and
3622 for cuticles, 64 and 2628 for midguts, and 122 and 2875
for fat bodies (12). Respective Km s and Vmaxs for the
hydrolysis of cis-permethrin in the same insect species were
87 and 1328 for cuticle, 47 and 140 for midguts, and 4 and
14 for fat bodies (12). These figures may be compared with
the Km of 210 X 10""®M for trans-permethrin reported for the
purified pyrethroid carboxylesterase from mouse liver
microsomes (32), which indicates the mouse enzymes are more
active than the insect ones.
To summarize the results obtained for insects, it
appears that pyrethroid hydrolytic and general esterase
activity are performed by the same enzymes, and that insects
possess several enzymes capable of hydrolyzing pyrethroids
that vary in substrate specificity, optimum pH and
temperature, inhibitor sensitivity, and kinetic parameters.
However, many of the studies with partially or totally
purified enzymes are limited in scope, and make assumptions
tenuous in attempting to determine the native role of the
enzymes involved. A more thorough investigation, using
multiple separation techniques, is needed to substantiate or
clarify some of the substrate specificity reports of
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pyrethroid hydrolyzing enzymes.
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Involvement of Hydrolytic Enzymes in Pyrethroid Resistance

As would be expected, resistance to pyrethroid
insecticides is increasing as they come into more prevalent
use. Resistance to pyrethroids has been observed in a
variety of insect species, including M. domestica (up to 140
X) (33), Haematobia irritans (up to 36 X) (34), Heliothis
armiger (up to 50X) (35), and S. exigua (up to 400 X) (13).
Since ester hydrolysis is involved to varying degrees in
pyrethroid metabolism, and since resistance to many
insecticides is partially or completely due to increases in
metabolism, some studies have examined the involvement of
ester hydrolysis (among other things) in resistance to
pyrethroids. Unfortunately, much of the information is
indirect. In some cases, "general esterase" activity has
been used as an indication of pyrethroid hydrolysis, and in
many cases "esterase inhibitors" such as DEP (often
topically applied as a synergist) are used to demonstrate
the presence of increased rates of hydrolysis of pyrethroids
in pyrethroid-resistant insects. The credibility (or lack
thereof) of these two methods in determining rates of
pyrethroid hydrolysis has already been discussed. The
coidentity of a pyrethroid-hydrolyzing enzyme and a "general
esterase" enzyme has rarely been conclusively demonstrated,
and there are inhibitors of pyrethroid hydrolysis other than
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DEP which are more effective in synergizing pyrethroids. To
avoid a lengthy discussion, only those studies which have
made direct use of hydrolytic comparisons of some substrate
(even if not with pyrethroids), will be covered.
In many pyrethroid resistant insects, resistance
appears to be conferred solely or predominately by a kdr
(knock down resistance) mechanism, which apparently is due
to target site insensitivity (fewer pyrethroid-binding
receptors)

(36). For example, a permethrin resistant strain

of M. domestica appeared to have no increase in the rate of
trans-permethrin hydrolysis, and no significant differences
in the synergism rates with DEP were noted between resistant
and susceptible insects (33). The concurrent lack of
penetration changes or other forms of metabolism led the
authors to conclude that a kdr mechanism may be involved
(33). Penvalerate was apparently excreted more rapidly from
resistant than from susceptible M. domestica strains, and
the rate of hydrolysis was lower in the resistant strain
(37).
In a B. microplus strain (Malchi) resistant to
permethrin, injections of paraoxon and permethrin together
demonstrated no differences between resistant and
susceptible strains, either in the apparent rates of
hydrolysis of cis- or trans-permethrin, or in the degree of
inhibition with paraoxon (1). The presence of both
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cross-resistance to DDT and decreased sensitivity of pedal
nerve preparations in the resistant strain suggested that
nerve insensitivity was the mode of resistance (1). However,
a later investigation of the same resistant strain indicated
that hydrolysis was faster in the resistant strain as
compared to the susceptible strain (a difference of 15%);
coumaphos also produced a higher synergist ratio for
permethrin on the resistant compared to the susceptible
strain (2). The involvement of target site insensitivity was
reconfirmed as well (2). In addition, differences in rates
of "general ester" and pyrethoid hydrolysis (transpermethrin and trans-cypermethrin) were noted in isoelectric
focusing of gel filtration fractions from a pyrethroid
susceptible (Yeerongpilly) and resistant (Malchi) strains.
However, recovery from gel filtraton to isoelectric focusing
was generally less than 60%, and no recovery was calculated
from the original starting preparations (4).

Although

studies demonstrated the involvement of undetermined type(s)
of metabolism in the resistance of H. virescens to
pyrethroids, target-site insensitivity appeared to be the
major source of resistance (38). Thus, there are a variety
of instances where target-site insensitivity appears to be
the major source of resistance, while relatively minor
changes in the rates of hydrolysis may be found in
resistanct vs. susceptible strains. However, metabolic (or
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other mechanisms of) resistance may not need to have a 1:1
correspondence with toxicity changes in order for it to be
considered the major contributor to resistance.
There are some instances where increases in rates of
pyrethroid hydrolysis are seen in resistant vs. susceptible
strains of different insect species. A purified "esterase"
from an organophosphorus and pyrethroid resistant strain of
M. persicae was effective in hydrolyzing (IS)-transpermethrin (8), as mentioned previously. However, the lack
of activity towards the other permethrin isomers may limit
its role in resistance. Enhanced levels of resistance to
permethrin in S. littoralis were attributed to increases in
hydrolytic enzyme activity, as suggested by increased
hydrolysis of jo-nitrophenyl acetate, and greater synergism
ratios with DEP (39). Resistance to fenvalerate and
deltamethrin in the same insect strain was also attributed
to increases in the rates of hydrolysis (40). However,
neither of these two studies tested the rates of hydrolysis
of actual pyrethroids.
Permethrin-resistant strains of S. littoralis
hydrolyzed both cis- and trans- isomers of cypermethrin, and
the trans-isomer of permethrin slightly faster than
susceptible strains (1.2 X for trans-permethrin, 0.86 X for
cis-permethrin, 1.2 X for trans-cypermethrin, and 1.4 X for
cis-cypermethrin in resistant vs. susceptible insects tested
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under the same conditions, respectively)

(6). Permethrin

resistant S. exigua (400 X) hydrolyzed trans-permethrin 2.63
X faster thant a permethrin resistant strain (4X) of S.
littoralis (13). However, the toxicity of permethrin was
synergized to a greater degree with 1-dodecylimidazole (an
inhibitor of oxidative enzymes) in resistant vs. susceptible
insects (up to 8X in S. exigua) (13), which suggests
oxidative enzymes may also be involved in conferring
resistance. As mentioned previously, "general esterase"
activity, as measured by hydrolysis of alpha-naphthyl
acetate, did not indicate any involvement in resistance
(13). However, the authors concluded that target site
sensitivity (as reflected by temperature-toxicity changes)
was the major component of the resistance (13).
Some increases in the rates of hydrolysis of
pyrethroids in resistant vs. susceptible strains of M.
domestica have also been reported. Pyrethroid resistant
strains of M. domestica were metabolically resistant (as
opposed to kdr), but the authors did not indicate the type
of metabolism that was responsible (21). Slightly higher
amounts of the acid moiety of permethrin were produced in in
vivo studies for the resistant vs. the susceptible strain
(1.1 X for trans-permethrin, and 1.3 X for cis-permethrin,
respectively, under the same conditions)

(21). However, the

differences in levels of other unidentified metabolites were
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greater than the differences in hydrolysis products between
the M. domestica strains (21). This information, coupled
with the fact that piperonyl butoxide was effective in
synergizing the toxicity of permethrin the the resistant
strain, suggests that oxidative metabolism is more important
than hydrolysis in conferring resistance. In another study
on M. domestica, little difference in the rates of
hydrolysis of trans-tetramethrin was seen between resistant
and susceptible strains for in vitro studies, although
responses to inhibitors did vary (20).
Overall, hydrolysis does appear to be involved in
resistance to pyrethroid insecticides, sometimes to a
significant extent. However, kdr appears to be the best
documented contributor to resistance in pyrethroid resistant
insects. Obviously, further studies on the involvement of
hydrolysis in conferring pyrethroid resistance (especially
in the Lepidoptera, where it appears involved at least to
some extent), are needed to fully understand the pyrethroid
resistance mechanism in insects.
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SCOPE OF THE RESEARCH

The preceding literature review has served to focus on
areas of pyrethroid hydrolysis which deserve more thorough
examination, which is the purpose of this research. With
this information in mind, the objectives and scope of the
research which will be discussed in this dissertation
includes the following areas:
I. Developmental changes in pyrethroid hydrolysis and
associations with toxicity.
A. Developmental changes in the last instar of P.
includens.
B. Changes throughout development in both P. includens
and H. virescens.
II. Characterization of the enzymes involved in pyrethroid
hydrolysis.
A. Characterization of trans-permethrin hydrolysis in
the midgut of P. includens.
B. Comparison of enzymes involved in trans-permethrin
hydrolysis and leucine aminopeptidase activity in the
midgut of P. includens (native role determination).
C. Comparison of enzymes responsible for permethrin and
fenvalerate hydrolysis in three tissues from P.
includens and H. virescens.
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III. A comprehensive screening of several inhibitors of
pyrethroid hydrolysis, followed by synergism trials.
IV.

The role of hydrolysis in pyrethroid-resistant
strains of H. virescens

V.

Influences of plant feeding on pyrethroid hydrolyzing
enzymes.
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ABSTRACT

The hydrolysis of trans-permethrin and alpha-naphthyl
acetate by midgut, fat body, and cuticle homogenates from
Pseudoplusia includens (Walker) was monitored during the
development of the last instar. The midgut homogenates
appeared to have two pH optima (7.6 and 8.6) for the
hydrolysis of trans-permethrin, the fat body homogenates had
one optimum (7.4-7.8), and the cuticle homogenates had a
major optimum at 6.6. Hydrolysis of both substrates peaked
during the late feeding stages for midgut and cuticle
homogenates, although relative changes were not the same.
Hydrolysis of trans-permethrin peaked during the late
feeding stage in fat body homogenates, while hydrolysis of
alpha-naphthyl acetate continually increased through the
prepupal stage. Thus, the hydrolysis of alpha-naphthyl
acetate is not necessarily associated with the hydrolysis of
trans-permethrin. The LDgQ values for trans-permethrin on
the different stages appeared to reflect the influence of
hydrolysis.
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INTRODUCTION

The development of an insect is characterized by
complex biochemical changes, especially in the case of the
Lepidoptera, which undergo complete metamorphosis.

Certain

Lepidoptera (1-3), including the soybean looper Pseudoplusia
includens (Walker), go through a number of stages during the
last instar, including feeding (days 0 - 2 ) ,
wandering/spinning (non-feeding, day 3) and prepupal stages
(also non-feeding, day 4) (3). Similarly, changes in the
activity of a variety of enzymes are known to occur during
the last larval instar of a variety of insects (1,2,4-7).
The detoxification process for insecticides in insects
is mediated by enzymes whose titre may change during
postembryonic development (4-10). Included among these
enzymes are those responsible for pyrethroid metabolism
(8-10). Ester hydrolysis has been reported to be a major
form of metabolism for the pyrethroid permethrin (11-16),
and has been shown to occur predominately in the midgut, fat
body, and/or cuticle (12,13,16).

However, developmental

changes in pyrethroid hydrolysis have only been investigated
to a limited extent. The present study was designed to
monitor the total hydrolytic capability in regard to
pyrethroid ester hydrolysis (by using trans-permethrin as a
substrate) in selected tissues during the development of
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last instar P. includens. The hydrolysis of alpha-naphthyl
acetate (ANA), which is often used as a measure of "general
esterase" activity (2), was also monitored for comparison.
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MATERIALS AND METHODS

Chemicals:

Radiolabelled -^c

trans-permethrin, and

3-phenoxybenzyl alcohol (both 57 mCi/mmole, labeled on the
methylene carbon of the alcohol), and trans-permethrin (99 %
purity) were the generous gift of FMC Corporation. Fast blue
RR salt, sodium dodecyl sulfate (SDS), bovine serum albumin
(BSA), and ANA were from Sigma Chemical Co. Dodecane and
methanol were from Aldrich Chemical Co. The Bio-Rad®
packaged protein assay was from Bio-Rad Laboratories.

Insect rearing; Pseudoplusia includens larvae were
obtained from laboratory colonies of stock originally
collected on soybeans from Louisiana in 1977. They were
reared on an artificial diet (3), with a photoperiod of LD
14:10, at 27 + 2° C., and 40 + 10% r.h.

Partition assay: A partition assay was developed to
separate the radiolabelled 3-phenoxybenzyl alcohol moiety of
the trans-permethrin from the parent material. A variety of
aqueous (including methanol, ethanol, propanol, isopropanol,
and isomers of butanediol) and organic (including isooctane,
decane, dodecane, and hexadecane) solvents were tested. The
best combination for the separation of the trans-permethrin
parent from the 3-phenoxybenzyl alcohol consisted of
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methanol (300 |il) as the aqueous solvent and dodecane (250
pi) as the organic solvent. The solvents were added to the
100 |jil of phosphate buffer solution (pH 7.4, M=0.1,
containing 0.05% BSA, which stabilized the assay and
potentially served as a carrier protein (12) and as a
sparing agent to protect against proteolytic enzymes),
containing 5 X 10“® M (final concentration) radiolabelled
trans-permethrin (added in 1 pi of ethanol). The test tubes
containing the solutions were vortexed until a uniform
emulsion was formed. The phases were then separated by
centrifugation at 1000 g for 5 min. One hundred pi aliquots
were taken from each phase using calibrated microcaps. Using
this method, 86.8 + 1.5% (S.D.) of the permethrin
partitioned into the organic phase, and 81.2 + 1.9% (S.D.)
of the 3-phenoxybenzyl alcohol partitioned into the aqueous
phase. The separation was reliable at other pH levels and
for a borate buffer system. Also, increasing the
concentration of BSA up to 3.7 mg/ml, and decreasing the
concentration of the parent or alcohol portion of the
trans-permethrin below the 5.0 X 10“® M had little effect on
the reliability of the assay. The stability of the partition
assay allowed for algebraic adjustment back to the original
concentration of the parent and alcohol.

Assay for the hydrolysis of trans-permethrin: Insects
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were staged by selecting wandering.penultimate instar larvae
just prior (ca. 2 hrs) to their molt. The larvae were then
selected for assay at ca. 12 hour intervals after the molt
occurred, and they consisted of early (days 0 and 1) and
late (day 2) feeding, wandering/spinning (day 3), and
prepupal (day 4) stages as described previously (3). Midgut,
fat body, and cuticle were dissected from chilled (ca. 10
minutes on ice) larvae held in the phosphate buffer without
BSA. The tissues were individually homogenized in 1 ml of
the same buffer. Midguts were cleared of their contents
before homogenization. The homogenates were centrifuged at
1000 g for 5 min, and the supernatant (excluding any lipid
layer) was filtered through an HA 0.45 urn filter (Millipore
Corporation). The filtrates were then appropriately diluted
in buffer containing 0.05% BSA. Samples of the filtrate were
saved for protein determination. Dilutions were made so that
the rate of hydrolysis was linear over the standard
incubation period of 20 min at 35° C., using 5 X 10”® M
(final concentration) of trans-permethrin as a substrate,
which was added in 1 pi of ethanol to 100 pi of the enzyme
preparation. Dilutions were typically 1:9 for fat body and
cuticle homogenates, and ranged from 1:9 to 1:49 for midgut
homogenates, depending on the activity. After incubation,
the reaction was quenched by the addition of 300 pi of
methanol followed by 250 pi of dodecane. The partitioning
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and sample extraction was performed as described above.
Samples were quantitated by liquid scintillation counting.
All assays were run in triplicate on at least three separate
occasions. Results are reported as pmole / min / tissue,
which refers to the pmoles of trans-permethrin hydrolyzed /
min / whole tissue from one individual insect.

Assay for the hydrolysis of alpha-naphthyl acetate;
Tissue homogenates were obtained as described above.

The

100 pi samples were added to 2.5 X 10”^M ANA and then
incubated at 35° C. for 20 min. The activity was determined
as described previously (2). All assays were run in
triplicate on at least three separate occasions. Results are
reported as nmole / min / tissue, which refers to the nmoles
of ANA hydrolyzed / min / whole tissue from one individual
insect.

Determination of pH optima: Tissue homogenates were
obtained as described in the section regarding the
permethrin hydrolysis assay. Phosphate buffer (0.1 M) was
used for the range of 6.0-8.0, and borate buffer (0.1 M) was
used for the range of 8.0-9.0. Each series of assays spanned
one pH unit, assayed in 0.2 unit increments. Dissection and
homogenization was undertaken in buffer solutions without
BSA which fell within the median range of the pH series
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being investigated. Dilutions were made into the different
buffer solutions, all containing 0.05% BSA. Samples were
then treated as described for the permethrin hydrolysis
assay. Only late feeding (day 2) stage larvae were used in
this assay. All assays were run in triplicate on at least
three separate occasions.

Protein determination: The protein content of the
tissues was determined by the method of Bradford (17), by
use of the Bio-Rad® packaged assay. BSA was used as a
standard.

Bioassay: Last instar larvae were bioassayed with
trans-permethrin during each day of their development.

The

permethrin (in acetone) was topically applied to the dorsum
of the insects. Mortality was checked after 72 hrs; the
criteria for death for those larvae treated on day 1 and 2
was the inability to translocate after 30 seconds, while the
criteria for those larvae treated on day 3 and 4 was the
lack of response after prodding. Treatment groups consisted
of 10 larvae at each of 4-5 doses, and each group was
replicated three times.
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RESULTS

pH optima; There were two distinct pH optima (7.6 and
8.6) for the midgut preparation, and possibly a minor one at
pH 6.2 (Figure 1). There was only one major pH optima
(7.4-7.8) for the fat body preparation (Figure 1). However,
similar to the midgut preparation, a minor peak was seen at
pH 6.2, and another one at pH 8.6. The results for the
cuticle preparation were more variable (Figure 1) than those
for either the midgut or the fat body. One optimum was
observed at pH 6.6, and another at pH 7.4. However,
hydrolysis was erratic beyond pH 8.0. The multiple peaks of
permethrin hydrolysis associated with changes in pH for the
three tissues examined suggested that more than one form or
type of enzyme may have been involved in the hydrolysis of
trans-permethrin. Since each of the tissues displayed a peak
of hydrolytic activity at or near pH 7.4, all subsequent
assays were performed at this pH.

Developmental changes in hydrolysis: Hydrolysis of
permethrin by midgut homogenates increased during the
feeding stage to a maximum of 397 + 21 (S.E.)
pmole/min/tissue on day 3, at the onset of wandering (Figure
2). Midgut homogenates showed an increase in ANA hydrolysis
to a maximum level of 82.8 + 2.3 (S.E.) nmole/min/tissue

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

Figure 1. Relative hydrolysis of trans-permethrin by
midgut ( 0

0),

fat body (

H H *' and cuticle ( A

homogenates from P. includens day 2 larvae at different
pH's. Activity is expressed relative to the highest peak
(100%). Standard errors were all less than the height of
each data point.
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Figure 2. Hydrolysis of trans-permethrin and
alpha-naphthyl acetate by homogenates of individual midguts
of P. includens during the development of the larval instar.
Protein concentrations are also indicated. Larvae fed on
days 0-2, began to wander during the first time point of the
third day, spin during the second time point of the third
day, and were prepupae on the fourth day. Standard errors
were all less than the height of each data point.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89

4005

200

* i?

300 i. 3

150
■ft «
S w#

mmt

to
to

< to

V

3
""

200 c =

£ .s

■se
too

50

Age of L ast Instar (days)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

90

(Figure 2) on day 2 (late feeding phase). For both
substrates, the peak of hydrolytic enzyme activity was
followed by a marked decline to a level lower than that
initially present. The changes in enzyme activity towards
both substrates were associated with the changes in protein
concentration, which suggests that activity was relatively
constant on a per mg protein basis during the last larval
instar.
Fat body homogenates showed an abrupt increase in
trans-permethrin hydrolysis during the late feeding stage
(day 2) (maximum activity was 4 9 . 2 + 2 . 0

(S.E.)

pmole/min/tissue), followed by a decline in activity during
the rest of the instar (Figure 3). Since the protein content
of the homogenates continually increased with development,
the hydrolytic activity towards trans-permethrin on a per mg
protein basis would generally decline more rapidly than on a
per tissue basis after peak activity is reached. However,
hydrolysis of ANA by fat body homogenates displayed an
overall increase during development, culminating in maximum
activity (42.5 + 0 . 9

(S.E.) nmole/min/tissue) during the

prepupal stage (day 4) (Figure 3). Since the protein content
of the homogenates also increased during development, the
overall hydrolytic activity towards ANA on a per mg protein
basis appears to be relatively constant.
Although a broad peak of trans-permethrin hydrolytic
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Figure 3. Hydrolysis of trans-permethrin and
alpha-naphthyl acetate by homogenates of individual fat
bodies of P. includens during the development of the last
larval instar. Protein concentrations are also indicated.
Larvae fed on days 0-2, began to wander during the first
time point of the third day, spin during the second time
point of the third day, and were prepupae on the fourth day.
Standard errors were all less than the height of each data
point.
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activity of 67.5 + 4.1 (S.E.) pmole/min/tissue was seen
during the late feeding (day 2) and early wandering (day 3),
the cuticle homogenates showed little overall change in
activity during development (Figure 4). Hydrolysis of ANA by
cuticle homogenates peaked at 44.8 + 0.8 (S.E.)
nmole/min/tissue during day 3, and subsequently declined.
The relative changes in hydrolytic activity towards both
substrates generally resembled the changes in protein
content, so overall activity on a per mg protein basis
appears to be rather constant.

trans-Permethrin bioassays; Topically applied
trans-permethrin was the least toxic during the late feeding
(day 2) and wandering (day 3) stages, both on a per larva
and per mg larva basis (Table 12). The trans-permethrin was
comparatively more toxic to the prepupae on a per mg larva
basis than any other of the stages. Treatment of the day 3
and day 4 larvae resulted in a number of deformed larvae
which did not successfully pupate, even though they remained
alive over the 72 hr period when mortality was checked.
Hence, long term mortality was actually higher (ca. 2 fold)
than that indicated in the table, although it may not be
related to the direct toxic action of the permethrin.
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Figure 4. Hydrolysis of trans-permethrin and
alpha-naphthyl acetate by homogenates of individual cuticles
of P. includens during the development of the last larval
instar. Protein concentrations are also indicated.

Larvae

fed on days 0-2, began to wander during the first time point
of the third day, spin during the second time point of the
third day, and were prepupae on the fourth day. Standard
errors were all less than the height of each data point.
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Table 12. Toxicity of trans-permethrin to last instar larvae

Age
(Days)

o
UI
o

1

of Pseudoplusia includens.a

95%

(pg/Larva) Fiducial

95%

LD50
(|jg/g>

Limits

Fiducial

Slope
(+S.E.)

Limits

1

0.15

0.11-0.18

0.74

0.53-0.91

2.83+0.55

2

0.35

0.28-0.42

1.15

0.95-1.40

3.41+0.51

3

0.28

0.24-0.33

1.14

0.98-1.30

4.82+0.90

4

0.036

0.031-0.043

0.14

0.12-0.17

4.52+0.89

a. Treatment groups consisted of 10 insects per dose, with
each group replicated three times.

Day 1 larvae weighed

150-250 mg, day 2 larvae weighed 250-350 mg, day 3 and day 4
larvae weighed 200-300 mg.
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DISCUSSION

Partition assays have been used previously to separate
the parent and acid portion of various pyrethroids (18,19).
However, the partition assay described herein provides a
viable method for separating trans-permethrin (the parent
material) from 3-phenoxybenzyl alcohol (the alcohol
portion). This partition assay has also proven to be useful
for the separation of tralomethrin and its acid (Dowd and
Sparks, unpublished), and cis-permethrin and its alcohol
(see Chapter 4).
Few examples exist for pH optima of enzymes in insects
which hydrolyze pyrethroids. A pH optimum of 8.5 has been
reported for midgut homogenates from Trichoplusia ni (12),
and ones of 7.4 to 7.6 for midgut, cuticle, and fat body
homogenates from Spodoptera eridania (13). Our results
suggest that the picture is more complex for P. includens,
since multiple peaks were seen for some tissues. These peaks
may reflect the varying pK values for amino acids involved
at the active site or other regions of the enzyme(s)
involved, or that multiple enzymes or enzyme forms are
involved.
Changes in mixed function oxidase activity during
insect development have been previously reported (4-7), and
in the case of last instar Manduca sexta activity of midgut

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98

homogenates peaked during the late feeding stage (7).
However, reports on changes in pyrethroid metabolism during
insect development are limited. Greater rates of metabolism
for permethrin were seen for sixth vs. third instar larvae
of Heliothis virescens (8)„ Changes in metabolism of
pyrethroids during larval development have also been implied
from toxicity data for Musca domestica (9), and S. eridania
(10). The results of the present study indicate that changes
in hydrolytic activity towards trans-permethrin for midgut,
fat body, and cuticle homogenates from P. includens do occur
during the last instar. Peak activity generally occurs
during the late feeding stage for the three tissues
examined, and of the three tissues examined the midgut
possesses the greatest hydrolytic capacity. Although at
least 8X less than that observed for trans-permethrin,
hydrolytic activity towards cis-permethrin also ranged
midgut >>> fat body and cuticle when monitored at the peak
times of trans-permethrin hydrolysis for each tissue (see
Chapter 7).
Changes in hemolymph ANA hydrolysis during the last
larval instar have been reported for T. ni (2), M. sexta
(20), Galleria mellonella, and Diatraea saccharalis (22).
The present study suggests that hydrolytic activity towards
ANA also changes in other insect tissues during development
of the last instar, and the trends of these changes can vary
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according to the tissue involved.
The changes reported for hydrolysis of trans-permethrin
in the different tissues during the last instar of P.
includens suggest that the insect may vary in susceptibility
to at least the trans- isomer of permethrin during this
stage of development. Support for this hypothesis is
provided by the results of the bioassay, since relatively
low levels of toxicity occurred at times of high levels of
hydrolytic activity towards trans-permethrin, although other
factors may also be involved. The mode of entry of an
insecticide (oral vs. cutaneous) may also be important,
since this and other studies (12,13,16) indicate that the
midgut generally possesses a much higher hydrolytic
capability towards permethrin than does the cuticle. Thus,
contact toxicity may be more important than oral toxicity
when pyrethroid insecticides that are susceptible to
hydrolytic detoxification are used for insect control.
Although the overall hydrolytic capacity of the midgut
and cuticle homogenates towards both trans-permethrin and
ANA followed similar trends, this was not the case for the
fat body homogenates. Hence, attempts at correlating the
hydrolysis of ANA with the hydrolysis of pyrethroids
(10,23,24) should be viewed with caution, since the
relationship may depend on the organ involved, as well as
the stage of the insect.
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Based on the results of the present study, it appears
that the hydrolysis of pyrethroids can change during the
development of an insect, at least during the course of the
last instar, and that these changes may have a marked
influence on overall toxicity of the insecticide. However,
the changes observed in the pyrethroid hydrolysis do not
necessarily occur at the same rate, or in the same manner
for the different tissues involved. In addition, hydrolysis
of ANA may not always be a reliable indicator for hydrolysis
of pyrethroids.
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CHAPTER 4

COMPARATIVE HYDROLYSIS OP PERMETHRIN AND PENVALERATE IN
PSEUDOPLUSIA INCLUDENS (WALKER) AND
HELIOTHIS VIRESCENS (F.).
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ABSTRACT

The in vitro hydrolysis of cis- and trans-permethrin
and fenvalerate was monitored in eggsr successive larval
instars, pupae, and adults of the soybean looper
(Pseudoplusia includens (Walker) and the tobacco budworm
(Heliothis virescens (F.)). In general, the rate of
hydrolysis on a pmole/min/individual basis of all three
pyrethroids increased from egg through last instar larvae
and then decreased in pupae and adults of both insect
species. The rates of hydrolysis for all pyrethroids on a
pmole/min/larva basis increased in an approximately
logarithmic manner throughout larval development in both
insect species. Hydrolysis on a pmole/min/mg protein basis
was generally maximal in first and second instar larvae of
both insect species for all three pyrethroids. The relative
rates of hydrolysis in all stages of both insect species
generally ranged trans-permethrin > »

fenvalerate £

cis-permethrin. Decreases in toxicity for all three
pyrethroids in both insect species from third to last instar
were associated with increases in hydrolysis, although the
relative changes depended on the pyrethroid involved.
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. INTRODUCTION

The activity of various enzymes may undergo dramatic
changes through the course of insect development (1-3). The
enzymes that are responsible for insecticide detoxification
may also be subject to developmental alteration (1,2,4,5).
The larvae of the soybean looper, Pseudoplusia includens
(Walker), (6) and the tobacco budworm, Heliothis virescens
(P.), (7) are able to to detoxify pyrethroid insecticides
through ester hydrolysis, and the rate of pyrethroid
hydrolysis has been shown to vary during some stages of
larval development. The rate of hydrolysis of pyrethroid
insecticides in many insects can also be markedly influenced
by the isomerism, stereochemistry, and minor structural
substitutions of the individual pyrethroid (8-10).
In order to gain a better understanding of the presence
and involvement of hydrolyisis in pyrethroid detoxification
by P. includens and H. virescens, the changes in rates of
hydrolysis of cis- and trans-permethrin and fenvalerate were
monitored from egg through adult. Additionally, the rate of
hydrolysis was compared to the toxicity of these compounds
to third and last instar larvae.
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MATERIALS AND METHODS

Chemicals: Radiolabelled

cis- and trans-permethrin

(57 mCi/mmole, labelled on the methylene carbon of the
3-phenoxybenzyl alcohol), and unlabelled cis- and
trans-permethrin (99% pure) were the generous gift of FMC
Corp. Radiolabelled ^ C

fenvalerate (8.2 mCi/mmole, labelled

on the chlorophenyl group of the acid moiety) and unlabelled
fenvalerate (99% pure) were kindly provided by Shell
Development Co. The radiolabelled fenvalerate acid was
produced by enzymatic hydrolysis using porcine liver
esterase (E.C. 3.1.1.1, from Sigma), and isolated by reverse
phase TLC (C-18 Whatman®) using methanol as a solvent.

The

TLC standards included unlabelled fenvalerate (from Shell),
and the 2-(4-chlorophenyl)-3-methylbutyric acid (CPMBA)
(acid moiety of fenvalerate)

(from Printon Laboratories).

Dodecane and methanol were from Aldrich Chemical Co. All
other biochemicals were from Sigma Chemical Co.

Insects; Pseudoplusia includens and H. virescens were
obtained from laboratory colonies where the larvae were
reared on a pinto bean diet (11), and the adults were fed on
a 10% sucrose solution, at 27 + 2 °

C., 40 + 10% relative

humidity, and a photoperiod of 14L:10D. The stages assayed
are as follows: two day old eggs, feeding and wandering
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stages for each larval instar, including prepupae (12), two
day old pupae, and one week old adults. All insect stages
were assayed at 11 AM, + 2 hours.

Enzyme assays: All insect stages were assayed as whole
body homogenates which were prepared as previously described
for individual tissues (7). Briefly, the insects were
homogenized in one ml of pH 7.4, 0.1 M phosphate buffer, and
the resulting homogenate was centrifuged at 1000 £ for five
minutes. The supernatant (excluding the floating lipid
layer) was filtered through a 0.45 |am filter (Millipore),
and then diluted in the homogenizing buffer which had 0.05%
bovine serum albumin (Sigma, fraction V) added to it.
Protein content varied between 0.001 and 0.5 mg/ml,
depending on the pyrethroid and insect stage used. The
concentration of the pyrethroids was 5 X 10”® M in all
cases. Homogenates were appropriately diluted so that
hydrolysis was linear during the course of the assay.
Separation and quantification of metabolites was
performed using solvent partitioning (with methanol and
dodecane,

(7)) and liquid scintillation counting,

respectively. Partitioning of the parent material in the
dodecane layer was 86.8 + 1.5% for trans-permethrin,

96.1 +

0.2 % for cis-permethrin, and 95.0 + 0.8 for fenvalerate.
Partitioning of the hydrolysis products was 81.2 + 1.9% for
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the phenoxybenzyl alcohol (product for both cis- and
trans-permethrin), and 75.9 + 1.9 for the CPMBA (product for
fenvalerate). Simultaneous equations were used to determine
the amount of hydrolysis which occurred. Preliminary
separation of metabolites using TLC indicated only
hydrolysis was occurring under the conditions of the assays.
Protein concentration was determined using the Bio-Rad®
packaged assay, which is based on the method of Bradford
(13). All assays were performed in triplicate on at least
three separate occasions.

Bioassays: Pyrethroid toxicity to third and last instar
larvae of P. includens and H. virescens was determined by
topical treatment as described previously (7). Treatment
groups consisted of ten larvae at each dose replicated three
times, with four to five doses for each insecticide.
Mortality was determined after 72 hrs. The inability to
translocate after 30 sec was the criterion for death.
Results were analyzed using probit analysis (14).
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RESULTS

Hydrolysis of trans-permethrin by P. includens was
lowest for eggs on a pmole/min/individual basis (Figure 5).
The hydrolysis of trans-permethrin increased logarithmically
during larval development through the last instar, and then
decreased from the wandering stage of the last instar larva
through the adult (Figure 5). However, on a pmole/min/mg
protein basis, maximum hydrolysis occured during the first
instar larva. The hydrolysis of cis-permethrin showed a
trend similar to that for trans-permethrin (Figure 6). The
pattern of fenvalerate hydrolysis during development (Figure
7) was similar to the other pyrethroids, although the
increase was not strictly logarithmic during larval
development, and maximum activity on a pmole/min/mg protein
basis occurred during the second instar. The rate of
hydrolysis of trans-permethrin was generally greater (ca. 10
X) than that of the other two pyrethroids, while the rate of
hydrolysis of fenvalerate was generally similar to that of
cis-permethrin.
The hydrolysis of trans-permethrin by H. virescens was
lowest in the eggs on a pmole/min/individual basis,
generally increased logarithmically throughout larval
development (with decreases during the wandering stages of
the third, fourth, and fifth instars) and then declined in
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Figure 5. Hydrolysis of trans-permethrin by homogenates
of P. includens on a pmole/min/individual ( 0
pmole/min/mg protein ( Jj

0

)

and a

) basis. Points indicate

means of assays of three replicates each, run on three
different occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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Figure 6. Hydrolysis of cis-permethrin by homogenates
of P. includens on a pmole/min/individual ( 0 pmole/min/mg protein ( J 1

J

0

) and a

) basis. Points indicate

means of assays of three replicates each, run on three
different occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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Figure 7. Hydrolysis of fenvalerate by homogenates of
P. includens on a pmole/min/individual ( 0 "
pmole/min/mg protein ( B —

1 0

) and a

) basis. Points indicate

means of assays of three replicates each, run on three
separate occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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the pupae and adults (Figure 8). Hydrolysis was maximal on a
pmole/min/mg protein basis during the earlier instar larvae.
A similar trend in hydrolysis during development was noted
for cis-permethrin (Figure 9) and fenvalerate (Figure 10).
As for P. includens# trans-permethrin was hydrolyzed at a
higher rate in H. virescens than the other two pyrethroids
tested. Again# the rates of hydrolysis of fenvalerate and
cis-permethrin were similar# except for last instar larvae.
The hydrolysis of trans-permethrin was generally
greater in P. includens than in H. virescens# except for
wandering second instar larvae# and prepupae. The hydrolysis
of cis-permethrin was similar in both insect species on a
pmole/min/individual basis, although variations were seen on
a pmole/min/mg protein basis. The rate of hydrolysis of
fenvalerate was generally higher in H. virescens than in P.
includens on a pmole/min/individual basis, although the
rates were similar in both insect species on a pmole/min/mg
protein basis.
Fenvalerate was the most toxic pyrethroid tested to the
last instar larvae of P. includens (Table 13), while it was
nearly equitoxic with cis-permethrin to last instar larvae
of H. virescens (Table 14). All larval stages of H.
virescens were less susceptible than those of P. includens
to all pyrethroid insecticides tested. With the exception of
third instar larvae of P. includens, trans-permethrin was
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Figure 8. Hydrolysis of trans-permethrin by homogenates
of H. virescens on a pmole/min/individual ( B
pmole/min/mg protein ( H ““"— “B

0

)

and a

) basis. Points indicate

means of assays of three replicates each, run on three
separate occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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Figure 9. Hydrolysis of cis-permethrin by homogenates
of H. virescens on a pmole/min/individual ( 0'
pmole/min/mg protein (

J

0

) and a

) basis. Points indicate

means of assays of three replicates each, run on three
separate occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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Figure 10. Hydrolysis of fenvalerate by homogenates of
H. virescens on a pmole/min/individual ( 0
pmole/min/mg protein ( J

1

J

0

) and a

) basis. Points indicate

means of assays of three replicates each, run on three
separate occasions, and vertical lines indicate standard
deviations. In designation of the different stages of
development, E=egg, PP=prepupa, P=pupa, A=adult, and numbers
1-5 indicate different larval instars with F=feeding and
W=wandering.
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Table 13. Toxicity and hydrolysis of pyrethroids for P. Includens

LD_ _ (95% F.L.)
50
Pyrethroid

Slope

pg/larva

(+S.E.)

Hydrolysis
R.T.a

per larva

R.H.b

third instar
trans-permethrin

.0054 (.0046-.0062)

4.5+0.7

64.0

cis-permethrin

.0032 (.0027-.0038)

3.9+0.7

53.8

3.5+

0.4

—

fenvalerate

.0066 (.0057-.0078)

3.9+0.7

16.2

2.3+

0.3

—

93.9+ 42.7

last instar
trans-permethrin

.346

(.284 -.420)

cis-permethrin

.172

3.4+0.5

(.128 -.486)

2.8+0.9

—

26.7+

2.3

7.6

fenvalerate

.107

(.053 -.148)

. 2.1+0.5

—

32.6+

5.5

14.2

573.5+108.2

6.1

a R.T. ■ the toxicity to third instars relative to the toxicity of the last
instars ■ toxicity to last instar / toxicity to third instar.
b R.H. - the rate of hydrolysis by last instars relative to that of. third
lnstars - rate of hydrolysis by last instar / rate of hydrolysis by third
instar.
Toxicity values are based on at least three replicates of ten insects (20-30 mg
for third lnstars, 200-300 mg for last instars) for each dose, with four to five
doses for each pyrethroid. Rates of hydrolysis are in pmole/mln/larva (.75-1.4
mg protein for third instars, and 6-7 mg protein for last instars) and are means
+ standard deviations based on three assays with three replicates each.
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Table 14. Toxicity and hydrolysis of pyrethroids for H. vlreBcens

Slope

W 50 <95* F.L.)
Pyrethroid

pg/larva

(+S.E.)

Hydrolysis
R.T.a

per larva

R.H.b

third instar
trans-permethrin

0.149 (0.119-0.221)

4.5+0.7

30.6

39.4+ 8.8

—

cis-permethrin

0.029 (0.023-0.035)

3.4+0.9

22.7

2.4+ 0.7

—

fenvalerate

0.035 (0.029-0.046)

2.8+0.7

17.7

2.5+ 0.8

—

trans-permethrin

4.55

(3.22-5.60)

2.6+0.6

—

293.7+54.8

7.4

cis-permethrin

0.66

(0.55-0.78)

4.0+1.0

—

7.4+ 1.8

3.1

fenvalerate

0.62

(0.55-0.69)

5.5+1.0

—

36.7+ 3.4

14.6

last instar

a R.T. ■ toxicity to third instars relative to last instars « toxicity to last
instar / toxicity to third lnstar for each pyrethroid.
b R.H. » rate of hydrolysis by last instars relative to third instars - rate of
hydrolysis by last instar / rate of hydrolysis by third instar for each
pyrethroid.
Toxicity values are based on at least three replicates of ten insects (35-45 mg
for third instars, and 300-400 mg for last instars) for each dose, with four to
five doses for each pyrethroid. Rates of hydrolysis are in pmole/min/larva
(0.4-0.7 mg protein for third instars, and 5-7 mg protein for last instars) and
are means + standard deviations based on three assays with three replicates
each.
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less toxic than cis-permethrin and fenvalerate, and was
hydrolyzed more rapidly.
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DISCUSSION

The developmental patterns in pyrethroid hydrolysis
discussed in the present study were fairly uniform, for the
pyrethroids tested on the two insect species. Only oxidative
enzymes have been investigated to an extent comparable to
the present study. In contrast to the present study, the
pattern of activity of different oxidative enzyme systems
has been shown to vary in other insect species during
development. Microsomal oxidase activity is highest overall
in the adults of M. domestica (2), Sarcophaga bullata and
Phormia regina (8). Mixed-function oxidase activity was
shown to peak in guts of Spodoptera eridania during the last
larval instar on a per mg protein basis, and no
mixed-function oxidase activity was detected in eggs (1).
Aldrin epoxidase activity increases ca. 6X from fourth to
fifth instar larvae of the variegated cutworm (Peridroma
saucia), but shows little change from fifth to sixth instar
larvae on a per mg protein basis (4). Aldrin epoxidase
activity increased from third through mid-sixth instar
larvae of the fall armyworm (Spodoptera frugiperda) (5).
These reports are in contrast to the results noted for
hydrolysis of the pyrethroids tested in the present study,
where the higest activity on a pmole/min/mg protein basis
occurred in the earlier instar larvae of both species
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tested.
Developmental changes in hydrolytic enzyme activity
have also been studied. Microsomal juvenile hormone epoxide
hydrase (hydrolase) is highest in the adults of M.
domestica, although the highest activity on a per mg protein
basis is in the earliest instar larvae tested (15). General
esterase activity (on a per mg protein basis) decreases in
later instars of S. frugiperda (5). Hydrolysis of indophenyl
acetate and o-nitrophenyl acetate in Chilo zonellus
increases dramatically from the first through the fifth
instar, although changes on a per weight basis are
relatively constant (16). Last instar larvae of H. virescens
hydrolyze pyrethroid insecticides more rapidly than third
instar instar larvae (6). The rate of trans-permethrin
hydrolysis increases during feeding in midguts, fat bodies,
and cuticles of last instar P. includens (7). The results of
the present study indicate that the hydrolysis of cis- and
trans-permethrin and fenvalerate can occur in all stages of
both P. includens and H. virescens, and that the rates of
hydrolysis increase at least 100 X from the first to the
last instar larvae. This enzyme activity peaked on a
pmole/min/individual basis during the later instars of both
insect species. However, the rate of pyrethroid hydrolysis
on a pmole/min/mg protein basis was generally higher in
earlier instar larvae.
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The rates of hydrolysis of all pyrethroids during
larval development of both insect species generally
increased in a logarithmic manner, although weight does not
increase in such a manner over the intervals tested (12,
Sparks et al. unpublished). A logarithmic increase in the
dimensions of many body parts during larval development has
been found to be present for many insect species (17). The
logarithmic increase in the rates of pyrethroid hydrolysis
seen in this study may be due to logarithmic growth during
larval development of the tissue(s) which produce the
pyrethroid hydrolyzing enzymes. This type of development
could therefore produce an enzyme activity pattern which
would increase logarithmically as well.
Pyrethroid hydrolysis on a per mg protein basis was
found to be highest in the earliest instars in the present
study. Similar ranges in activity are seen in some studies
involving other substrates and oxidative enzymes (3,15).
High levels of enzyme activity may be required during this
stage of development. The gut walls of smaller larvae may
potentially contact more toxins while feeding than those of
larger larvae (18). Early instar insect larvae also may have
an inducible preference for host plants (19), whereby their
respective host within a host range is determined by the
plant species a first instar initially feeds upon. Part of
the host adaptation process may involve initially high
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levels of many different enzymes. These high enzyme levels
may be necessary to deal with the variety of plant toxins
contained by the possible hosts which may be encountered.
Thus, the high level of pyrethroid hydrolysis on a
pmole/min/mg protein basis seen in the early instar larvae
of P. includens and H. virescens may be a function of
initially high enzyme levels of larvae which are designed to
protect against host plant toxins.
The relatively higher rate of hydrolysis of
trans-permethrin compared to cis-permethrin reported herein
has also been observed in other insects (8-10); this
difference may be caused by the greater steric hindrance of
a cis- as compared to a trans- configuration (20). Likewise,
the substitution of an alpha-cyano group for a hydrogen atom
on the methylene carbon of the 3-phenoxybenzyl alcohol
moiety (i.e. cypermethrin vs. permethrin) results in a
relative reduction of the rate of hydrolysis (8-10),
presumably caused by steric hindrance of the hydrolysis or
stabilization of the ester bond (20). Fenvalerate, which
contains an alpha-cyano group, was also hydrolyzed at a
lower rate than trans-permethrin, which does not contain the
cyano group. Hence, provided similar enzymes are involved in
hydrolysis, the sterically hindered state of fenvalerate and
cis-permethrin (even though produced in different manners)
as compared to trans-permethrin, may explain the relatively
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lower rates of hydrolysis of cis-permethrin and fenvalerate.
However, different pyrethroids (including cis- and
trans-permethrin) appear to be hydrolyzed by different
enzymes in some insects (10, Chapter 7), indicating specific
enzyme presence or properties may also be a factor in
determining relative rates of pyrethroid hydrolysis.
Last instar larvae of P. includens were 64.0 X and 53.8
X less susceptible (on a per larva basis) to cis- and
trans-permethrin, respectivily, than were third instar
larvae (Table 13). In contrast, fenvalerate was only 16.2 X
less toxic to last instar larvae than third instar larvae of
P. includens (Table 13). An examination of the relative
changes in rates of hydrolysis for third vs. last instar
larvae on a pmole/min/larva basis indicates similarities for
cis- and trans-permethrin (7.6 X and 6.1 X, respectively),
while the increase in hydrolysis of fenvalerate was again
relatively different (14.2 X). Thus, while there is a
general increase in the rates of hydrolysis associated with
a decline in pyrethroid toxicity for last vs. third instar
larvae on a per larva basis, the results vary according to
the pyrethroid involved. Since, there is no definite 1:1
relationship between increases in rates of hydrolysis and
decreases in toxicity on a per larva basis, other factors
must also be involved. These factors may include oxidative
or conjugative metabolism, which are known to play a role in
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pyrethroid detoxification in insects (10).
The relative decreases in toxicity of cis-permethrin
and fenvalerate from third to last instar larvae of H.
virescens were 22.7 X and 17.7 X, respectively, while the
change in toxicity for trans-permethrin was 30.6 X on a
pmole/min/larva basis (Table 14). However, the changes in
rates of hydrolysis on a pmole/min/larva basis from third to
last instar larvae of H. virescens were 7.4 X for
trans-permethrin, 3.1 X for cis->permethrin, and 14.6 X for
fenvalerate. Hence, as was seen for P. includens, on a per
larva basis the reduction in toxicity was associated with
increased rates of hydrolysis, but no definite 1:1
relationship was noted.
The toxicities of the pyrethroid insecticides tested
were from 3.8 X (fenvalerate on last instar larvae) to 27.6
X (trans-permethrin on third instar larvae) greater to P.
includens compared to H. virescens on a per larva basis.
However, rates of hydrolysis (pmole/min/larva) were
generally similar (fenvalerate) or up to 3.6 X greater
(cis-permethrin for last instar larvae) for P. includens
relative to H. virescens. This information suggests that the
greater toxicity of the pyrethroid insecticides tested on P.
includens relative to H. virescens cannot generally be
attributed to lesser rates of hydrolysis, since the rates of
hydrolysis by P. includens larvae for the pyrethroids tested
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were generally equal to or greater than those for H.
virescens.
The decreases in the toxicity of cis- and
trans-permethrin and fenvalerate from third to last instars
appeared somewhat related to the relative changes in the
rates of hydrolysis that occurred for both P. includens and
H.

virescens. Therefore, hydrolysis is likely to be

contributing to the observed decreases in toxicity, although
other factors (such as oxidative or conjugative metabolism)
are probably involved as well. This information suggests
that hydrolysis would be a major metabolic influence on
toxicity of pyrethroid insecticides to these two insect
species. Hence, reducing hydrolysis through the use of
synergists that inhibit hydrolytic enzymes, as has been
previously suggested for other insect species (21,22), may
increase pyrethroid toxicity to all stages of P. includens
and H. virescens.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

136

ACKNOWLEDGEMENTS

We would like to thank K. Albarez, M. Barrow, B.Bondy,
and R. Rose for assistance in rearing insects. This research
was supported, in part, by Chevron Chemical Co. and the
Louisiana State University Agricultural Experiment Station.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

137

LITERATURE CITED

1. R.I. Krieger and C.F. Wilkinson, Microsomal
mixed-function oxidases in insects-I, localization and
properties of an enzyme system effecting aldrin
epoxidation in larvae of the southern armyworm
(Prodenia eridania). Biochem. Pharmacol. 18, 1403
(1969).
2. S.J. Yu and L.C. Terriere, A possible role for
microsomal oxidases in metamorphosis and reproduction
in the housefly. J. Insect Physiol. 20, 1901 (1974).
3. L.C. Terrriere and S.J. Yu, Microsomal oxidases in the
flesh fly (Sarcophaga bullata Parker) and the black
blow fly [Phormia reqina (Meigen)]. Pestic. Biochem.
Physiol. 6, 223 (1976).
4. R.E. Berry, S.J. Yu, and L.C. Terriere, Influence of
host plants on insecticide metabolism and management of
variegated cutworm. J. Econ. Entomol. 73, 771 (1980).
5. S.J. Yu, Age variation in insecticide susceptibility and
detoxification capacity of fall armyworm (Lepidoptera:
Noctuidae) larvae. J. Econ. Entomol. 76, 219 (1983).
6. W.S. Bigley and F.W. Plapp, Jr., Metabolism of cis- and
trans- (~^C)permethrin by the tobacco budworm and the
bollworm. J. Agric. Food Chem. 26, 1128 (1978).
7. P.F. Dowd and T.C. Sparks, Developmental changes in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

138

trans-permethrin and alpha-naphthyl acetate ester
hydrolysis during the last larval instar of
Pseudoplusia includens. Pestic. Biochem. Physiol. 21,
275 (1984). (Chapter 3).
8. J. Chambers, An introduction to the metabolism of
pyrethroids. Residue R e v . 73, 101 (1980).
9. J.E. Casida, Novel aspects of metabolism of pyrethroids.
in "Pesticide Chemistry: Human Welfare and the
Environment. Vol. 2, Natural Products" (N. Takahashi,
H. Yoshioka, T. Misato, and S. Matsunaka, Eds.), p.
182, Pergamon Press, New York,

(1979).

10. D.M. Soderlund, J.R. Sanborn, and P.W. Lee, Metabolism
of pyrethrins and pyrethroids in insects, in "Progress
in Pesticide Biochemistry and Toxicology, Vol. 3" (D.H.
Hutson and T.R. Roberts, Eds.) p. 401, John Wiley and
Sons, New York,

(1983).

11. R.M. Roe, A.M. Hammond, and T.C. Sparks, Growth of
larval Diatraea saccharalis (Lepidoptera: Pyralidae) on
an artificial diet and synchronization of the last
larval stadium. Ann. Entomol. Soc. A m . 75, 421 (1982).
12. M.H. Shour and T.C. Sparks, Biology of the soybean
looper, Pseudoplusia includens; characterization of the
last stage larva. A n n . Entomol. Soc. A m . 74, 531
(1981).
13. M.M. Bradford, A rapid and sensitive method for the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

139

quantification of microgram quantities of protein using
the principle of protein-dye binding. Anal. Biochem.
72, 248 (1976).
14. D.J. Finney, "Probit Analysis", 333 pp. Cambridge
University Press, New York,

(1971).

15. S.J. Yu and L.C. Terriere, Juvenile hormone epoxide
hydrase in house flies, flesh flies, and blow flies.
Insect Biochem. 8, 349 (1978).
16. H.N. Singh and K.N. Mehrotra, Esterases during
postembryonic development of the larva of Chilo
zonellus. J. Insect Physiol. 16, 2385 (1970).
17. V.B. Wigglesworth,

"The Principles of Insect Physiology"

827 pp. Halsted Press, New York,

(1972).

18. F. Gould, Mixed function oxidases and herbivore
polyphagys the devil's advocate position. Ecol.
Entomol. 9, 29 (1984).
19. F.E. Hansen, The behavioral and neurophysiological basis
of food-plant selection by Lepidopterous larvae, in
"Herbivorous Insects, Host-Seeking Behavior and
Mechanisms" (S. Ahmed, Ed.) p. 3, Academic Press, New
York, (1983).
20. D.M. Soderlund and J.E. Casida, Effects of pyrethroid
structure on rates of hydrolysis and oxidation by mouse
liver microsomal enzymes. Pestic. Biochem. Physiol. 7,
391 (1977).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

140

21. L.C. Gaughan, J.L. Engel, and J.E. Casida, Pesticide
interactions: effects of organophosphorus pesticides on
the metabolism, toxicity, and persistence of selected
pyrethroid insecticides. Pestic. Biochem. Physiol. 14,
81 (1980).
22. H.J. Schnitzerling, J. Nolan, and S. Hughes, Toxicology
and metabolism of some synthetic pyrethroids in larvae
of susceptible and resistant strains of the cattle tick
Boophilus microplus (Can.). Pestic. S c i . 14, 64 (1983).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 5

CHARACTERIZATION OF A TRANS-PERMETHRIN HYDROLYZING ENZYME
FROM THE MIDGUT OF PSEUDOPLUSIA INCLUDENS (WALKER)

(Copyright ® 1985 by Academic Press, Inc. in Pesticide
Biochemistry and Physiology. All rights of reproduction in
any form reserved.)
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ABSTRACT

The enzymatic hydrolysis of trans-permethrin by midgut
homogenates of the soybean looper, Pseudoplusia includens
(Walker), was characterized through gel electrophoresis,
isoelectric focusing, gel filtration chromatography, and
selective inhibition.

All three separation techniques

indicated that one enzyme (or closely related enzyme forms)
was responsible for the observed hydrolytic activity. The
molecular weight was approximately 80,000, the isoelectric
point ranged from pH 4.6-4.8, and the apparent Km was 59.5 +
3.2 iaM. Enzyme activity was inhibited by organophosphates,
carbamates, and sulfhydyl group inhibitors, as well as some
chelators. The hydrolysis of trans-permethrin was distinct
from the majority of "general esterase" activity when enzyme
activity was separated by electrophoretic techniques.
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INTRODUCTION

Ester hydrolysis is one of the major forms of
metabolism of pyrethroid insecticides (1-3). The ester
hydrolysis of pyrethroids by various insect and arachnid
species has been attributed to single (4,5), and multiple
enzymes (6,7). In cases where partial purification has been
attempted, activity appears coincidental to the esterase
activity observed when naphthyl or nitrophenol esters are
used as substrates (4,5). However, there are some instances
where pyrethroid hydrolysis does not appear to be related to
activity towards these esterase substrates (8,9). In
addition, no comprehensive investigation of pyrethroid
hydrolyzing enzymes in insects appears to exist similar to
the study by Suzuki and Miyamoto (10) for the mouse liver.
Since the midgut of Pseudoplusia includens (Walker) is a
source of relatively high hydrolytic activity towards
pyrethroids (8), a study was undertaken to characterize the
enzyme(s) present in the P. includens midgut that are
responsible for the previously observed trans-permethrin
hydrolysis.
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MATERIALS AND METHODS

Chemicals: Radiolabelled -^c (1-R,S)-trans-permethrin
(3-phenoxybenzyl, (l-R,S)-trans-3-(2,2-dichlorovinyl)-2,2dimethylcyclopropanecarboxylate)

(57 mCi/mmole, labelled on

the methylene carbon of the 3-phenoxybenzyl alcohol), and
unlabelled (1-R,S)-trans-permethrin (99% pure) were the
generous gift of FMC Corp. Potential inhibitors included NIA
16824 (O-isobutyl 0-2-propynyl phenylphosphonate)

(from

FMC), paraoxon (0,0-diethyl 0-(4-nitrophenyl) phosphate),
DFP (0,0-diisopropyl phophorofluoridate), dibenzoylmethane,
diphenylthiocarbazone (DPTC) (from Aldrich Chemical Co.),
DEF (S,S,S-tri-butyl phosphorotrithiolate), piperonyl
butoxide (5-[[2-(2-butoxyethoxy)-ethoxy-]methyl]-6-propy11,3-benzodioxole), carbaryl (1-naphthyl N-methylcarbamate),
sulfoxide (5-[2-(octylsulfinyl)propyl]-l,3-benzodioxole)
(from Chem Service), 1-naphthyl N-propylcarbamate (NPC)
(from Frinton Laboratories), 1,10-phenanthroline, C u C ^ ,
HgClg, N-ethylmaleimide, £-chloromercuriphenylsulfonic acid
(CMPS) and EDTA (ethylenediaminetetraacetic acid)

(from

Sigma Chemical Co.). All other biochemicals were from Sigma
Chemical Co.

Insects: The larvae of P. includens were obtained from
a laboratory colony reared on a pinto bean diet (11), at 27
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+2°

C . , 40 + 10% relative humidity, and a photoperiod of

14L:10D (8). Late feeding (12) last instar larvae (2 days
old) were used as an enzyme source for all studies since
maximum trans-permethrin hydrolytic activity in the midgut
occurs during this stage (8).

Enzyme Assays; Midguts were dissected from live insects
(previously held on ice for ca. 10 min) in pH 7.4, 0.1 M
sodium phosphate buffer, and the contents were removed. The
guts were individually homogenized with a ground glass
homogenizer in 1 ml of the same buffer, and centrifuged at
1000£ for 5 min. The supernatant (excluding any floating
lipid material) was filtered through a 0.45 |im HATF filter
(Millipore Corp.). The filtered homogenate was then diluted
(usually 1:20) in the same phosphate buffer (containing ,05%
bovine serum albumin to stabilize enzyme activity) so that
hydrolysis was linear during the course of the assay
(usually 10-20 min at 35° C.). Radiolabelled
trans-permethrin (5 piM) was used as the substrate for all
assays unless otherwise indicated. The radiolabelled
trans-permethrin was added to a lOOpl sample containing
approximately 0.02 mg protein from the homogenate. Following
incubation, separation and quantification of the hydrolysis
products were performed by solvent partitioning using
methanol and dodecane (8), and liquid scintillation
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counting, respectively. For kinetic measurements, the
concentration of trans-permethrin was varied between 2.5 and
10 pM; solubility problems prevented the use of higher
concentrations. Kinetic determinations were run in
triplicate on two occasions, and the apparent Km and Vmax
were determined by the weighted least squares method (13).
"General esterase" activity was determined by using
alpha-naphthyl acetate (ANA) as a substrate (0.25 mM)

(14).

Protein content was determined using the Bio-Rad® packaged
assay, based on the method of Bradford (15).

Gel electrophoresis; Gel electrophoresis was performed
using the LKB Multiphor® apparatus according to published
application procedures (16). Midguts were prepared as above,
with the exception that four midguts per ml (as opposed to
just one) were homogenized, and no dilution was made prior
to sample application (10 pl/track) to the gel. Gel density
was 7.5% polyacrylamide, and a pH 8.7, 0.1 M tris-glycine
buffer system was used. The gels were preelectrophoresed for
1 hr at 35 mA, the samples were loaded on, and
electrophoresis was continued at 35 mA for approximately two
hrs. Following electrophoresis, gels were assayed for
trans-permethrin hydrolytic activity, or stained for general
esterase activity or protein. Protein banding was determined
by staining with Coumassie Brilliant Blue R (16), while ANA
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was used as a substrate for "general esterase" staining
(14). Pyrethroid hydrolysis was determined by sectioning the
gel (0.5 cm), incubating the sections in the the previously
described phosphate buffer containing the bovine serum
albumin (0.05%) overnight at 4°C., followed by assays the
next day. Preliminary experiments indicated that there was
no loss in activity during this period of time. Gel
electrophoresis was done on three occasions, consisting of
two sets of four gel tracks assayed each time.

Isoelectric focusing: Isoelectric focusing with
polyacrylamide gels was done with an LKB Multiphor® system
(17), using Pharmalyte® (Pharmacia) ampholytes (pH 6.5-4).
Midguts were prepared as for gel electrophoresis, and 20 pi
samples were applied to each track. Gels were prefocused for
1 hour at 25 watts, the samples were added, and then the
gels were focused for approximately 2 hrs. Gels were stained
for protein (after being soaked for 1 hr in buffer prior to
fixing for protein to remove interfering ampholytes) and
esterase activity. Gels were sectioned (0.25 cm.) and
assayed for trans-permethrin hydrolysis in the same manner
as described for gel electrophoresis, after eluting the
enzyme from the gel in the phosphate buffer containing the
bovine serum albumin, at 4°C. overnight. Protein content was
determined for fractions used in the permethrin hydrolysis
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assays by using the Bio-Rad® protein assay after ampholytes
were removed by electrophoretic concentration.
Electrophoretic concentration (ISCO model 1750 sample
concentrator) was performed using 25 mM, pH 7.4 phosphate
buffer in the electrode compartments, and 5mM, pH 7.4
phosphate buffer in the inner buffer compartments and sample
chambers. Concentration occurred at 3 watts until amperage
readings decreased to zero. Isoelectric focusing was run on
three occasions, each assay consisted of two sets of four
gel tracks.

Gel filtration chromatography: Column chromatography
was run according to published procedures (18) using a 100 X
1.6 cm. (i.d.) column at 4°C. The packing material was
Sephacryl® S-200, the eluting buffer was pH 7.4, 0.1 M
phosphate, the flow rate was 20 ml/hr with VT = 200 ml and
Vg = 60 ml, and 4 ml fractions were collected. Due to
instability of enzyme activity, dithiothreitol (ImM) was
added to the buffer. Lubrol (0.01%) was also added to
enhance the resolution of pyrethroid hydrolytic activity.
One half ml of the filtered homogenate from 10 midguts was
applied (in 1.5 ml of buffer) to the column. Estimation of
the molecular weight was by calibrated gel filtration (19,
20), using the following proteins as molecular weight
standards: ribonuclease (13,500), chymotrypsinogen (22,000),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

149

ovalbumin (45,000), bovine serum albumin, fraction V
(67,000), and alcohol dehydrogenase (140,000), and
monitoring at 280 nm.

Inhibition studies: Inhibitors were added to midgut
homogenates in 1 |il of ethanol or water, preincubated for 10
min, and then incubated with the trans-permethrin. The
levels of inhibition are based on values of uninhibited
activity run concurrently with 4-6 different concentrations
of the inhibitor. All assays were run in triplicate on at
least three occasions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

150

RESULTS

Gel electrophoresis: Gel electrophoresis resolved a
single peak of trans-permethrin hydrolytic activity, which
was distinct from the ANA hydrolytic activity detected
(Figure 11). Recovery of pyrethroid hydrolytic activity was
typically >95%, specific activity was 3.6 + 0.4 nmole/min/mg
protein, and a 6.6 + 0.7 fold purification was obtained.

Isoelectric focusing: As was observed with gel
electrophoresis, only one broad peak of trans-permethrin
hydrolytic activity was observed (pH 4.6-4.8)

(Figure 12).

With the exception of a few small bands, all of the ANA
esterase activity occurred at a pH region of the gel that
was higher than that for trans-permethrin hydrolysis.
Recovery of pyrethroid hydrolytic activity was typically
>95%, specific activity was 1.8 + 0.4 nmole/min/mg protein,
and a 3.3 + 0.1 fold purification was obtained.

Gel filtration chromatography; As for the
electrophoretic studies, gel filtration resolved only one
peak of trans-permethrin hydrolytic activity (Figure 13).
This peak of activity coincided closely with the ANA
esterase activity. The enzyme responsible for
trans-permethrin hydrolysis had an apparent molecular weight
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Figure 11. 'Separation of trans-permethrin hydrolytic
and ANA esterase activity from midgut tissue homogenates of
P. includens by gel electrophoresis. Vertical lines indicate
standard deviations for points (means) of two replicates of
four tracks performed on three separate occasions. Banding
pattern is typical of staining for hydrolysis of
alpha-naphthyl acetate. Protein staining yielded a major
band next to the sample well, and one minor band with an Rf
0.45.
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Figure 12. Separation of trans-permethrin hydrolytic
and ANA esterase activity from midgut tissue homogenates of
P. includens by isoelectric focusing using pH 4.0-6.5
ampholytes. Vertical lines indicate standard deviations for
points (means) of two replicates on four tracks each
performed on three separate occasions. Banding pattern is
typical of staining for protein and hydrolysis of
alpha-naphthyl acetate.
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Figure 13. Separation of trans-permethrin ( 0
and ANA (

),

) esterase activity with Sephacryl®

S-200 and dithiothreitol (1 mM) and lubrol (0.01%) in the
buffer. Protein content ( B

*

) was monitored at 280

nm.
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of approximately 8 0 , 0 0 0 using the previously described
standards for the lubrol : dithiothreitol buffer system, and
a somewhat lower molecular weight (55,000) for a
Triton-X-100 : 2-mercaptoethanol buffer system. Since
polymer detergent binding can sometimes influence molecular
weight determinations (21), differences are probably due to
differential binding of the two detergent polymers to the
enzyme. Recovery of trans-permethrin hydrolytic activity was
typically >95% for the assays, the specific activity was 7.9
+ 0 . 3 nmole/min/mg protein, and an 11.3 + 1.8 fold
purification was obtained.

Kinetics and inhibition; The apparent Km for the midgut
homogenates (Figure 14) was 59.5 + 3.2 pM, and the V__„ was
ulaX

23.9 + 2.9 nmole/min/mg protein. Of the compounds tested,
the organophosphorus compounds DEF, DFP, and paraoxon (Table
15, Group I) were the most potent inhibitors tested. The
carbamates NPC and carbaryl (Table 15, Group I), and Hg

+2

(Table 15, Group II) were less active. The inhibitors CMPS
(Table 15, Group II) and DPTC (Table 15, Group III) both had
I50s between 10“® and 10“5 M. All other compounds tested had
IggS that were greater than 10”® M; EDTA was not inhibitory.
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Figure 14. Lineweaver-Burk style plot of kinetics of
trans-permethrin hydrolysis. Points represent averages of
two experiments consisting of three replicates for each
concentration. Values reported in the text were determined
by weighted least squares analysis (13).
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Table 15. Response of trans-permethrin hydrolytic activity
of P. includens midgut homogenates to the presence of
inhibitors.

Compound

I50 (M)

Inhibition (%) [I]=10"4M

Group I
DFP

6.9 + 8.2 X 10"11

100

paraoxon

2.2 + 0.6 X 10"10

100

DEF

2.2 + 0.6 X 10" 9

100

NPC

3.3 + 2.9 X 10" 8

100

carbaryl

1.4 + 0.4 X 10" 7

100

HgCl2

2.0 + 0.8 X 10" 7

100

CMPS

7.4 + 5.4 X 10" 6

100

cuci2

6.1 + 2.5 X 10" 5

100

N-ethylmaleimide

>1 X 10"4

Group II

25.5 + 19.7

Group III
DPTC

5.2 + 0.6 X 10" 6

dibenzoylmethane

5.7 + 1.6 X 10" 5

69.1 + 11.4

1 , 10-phenanthroline

>1 X 10 "4

47.4 +

6.9

EDTA

>1 X 10 "4

0.0 +

0.0

80.6 +

9.8

100

Group IV
sulfoxide

4.7 + 1.3 X 10" 5
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Table 15, cont.

O
in
H

Compound

(M)

Inhibition (%) [I]=10_4M

i

NIA 16824

>1 X 10 " 4

piperonyl butoxide

>1 X 10 "4

27..0 + 17.2
8.,8 +

7.3

I jjqS are the concentration of the inhibitor required to
produce 50% inhibition of trans-permethrin hydrolysis, and
involved a 10 minute preincubation prior to the addition of
the trans-permethrin. Values are expressed as means + the
standard deviations. All assays were run in triplicate on at
least three separate occasions. Values of 100% at 10""4 M are
based on lines determined from values used to calculate the
I50s *
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DISCUSSION

Based on inhibition patterns, previous reports have
indicated that more than one enzyme may be involved in
pyrethroid hydrolysis in Spodoptera eridania (6) and
Trichoplusia ni (7). However, the data in the present study
from isoelectric focusing, gel electrophoresis, and column
chromatography suggests that the hydrolysis of
trans-permethrin by midgut homogenates of P. includens was
the result of only one enzyme (or molecular forms of one
enzyme). This activity coincides with that of cis-permethrin
hydrolysis, but not with fenvalerate hydrolysis (see Chapter
7). Since the three methods all involve different means of
separation, it is unlikely that multiple enzymes would
separate with identical characteristics in all three
methods.
Gel filtration chromatography was the most effective
method in separating the enzyme responsible for
trans-permethrin hydrolysis from other proteins. The
relatively low level of purification resulting from
isoelectric focusing may have been due to ampholytes that
were bound to other proteins present (which may occur with
ampholytes (22-24)) and were not removed during
electrophoretic concentration. The presence of these
ampholytes would yield a protein concentration value that is
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artifically high, which would result in lower specific
activity and purification levels.
The molecular weight reported herein (80,000) for
trans-permethrin hydrolysis is similar to that reported for
other sources of pyrethroid hydrolytic activity. The
molecular weight reported for a mouse liver enzyme which
hydrolyzed several pyrethroids was 74,000 (10). Somewhat
lower was the molecular weight for an enzyme from an aphid
that hydrolyzed (IS)-trans-permethrin (45,000)

(4). The

addition of a detergent may have been necessary to prevent
binding to the column or to

other eluting proteins. The need

for solubilizing a membrane

bound form of a pyrethroid

hydrolyzing enzyme was reported for Boophilus microplus (5).
The pi value reported herein (4.8-4.6) suggests that the
enzyme may have a preponderance of negative charges on its
surface at pH 7.4, which is near its optimum pH (8). The
wide range for the pi may be due to closely occuring enzyme
forms which could not be resolved in the sectioning, as
slice width was limited to 0.25 cm. This slice width was
selected since it appeared to be the limit for general
protein resolution over a four tract section, as well as the
physical properties affecting the handling of the gel
sections.
The Km for trans-permethrin hydrolysis reported herein
is nearly identical to the Km reported for midgut
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homogenates of S. eridania (6). However, due to solubility
problems of trans-permethrin, a concentration higher than 10
pM could not be used. Hence, the apparent Km may represent a
response to saturation of the solution, and not saturation
of the enzyme.
Differential inhibition of general esterases vs.
permethrin hydrolyzing enzymes has been described for S.
exigua (9). The lack of correlation between trans-permethrin
and ANA hydrolysis has been reported for the fat body of P.
includens during the development of the last instar (8),
which suggests that different enzymes are involved. The
distribution of trans-permethrin hydrolytic activity
relative to the majority of the ANA esterase activity in
this study also suggests that different enzymes are
involved.

These facts indicate that trans-permethrin

hydrolysis is not necessarily associated with the total
general esterase activity. Thus, attempts at monitoring
pyrethroid hydrolysis through use of a substrate such as ANA
should be approached with caution, and for P. includens such
an association does not appear to be valid.
Since organophosphates and carbamates are known to
inhibit enzymes that have serine hydroxyl groups at the
active site (25), the inhibition of trans-permethrin
hydrolysis by the compounds of Group I (Table 15) suggests
that a serine hydroxyl group may be involved in the enzyme
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activity.

Inhibition of pyrethroid hydrolysis by a variety

of organophosphates and carbamates has been described
previously in other arthropods (5-7, 26-29). The inhibition
of pyrethroid hydrolysis by sulfhydryl group reagents (Table
15, Group II) has been also reported for some insect species
(5, 30). The susceptibility of the enzyme in this study to
sulfhydryl group reagents also suggests that a sulfhydryl
group may play a role in trans-permethrin hydrolysis.
Inhibition by the chelators dibenzoylmethane,
diphenylthiocarbazone, and 1,10-phenanthroline (Table 15,
Group III) occurred at concentrations that were high
relative to the organophosphate and carbamate (Group I)
inhibitors. However, the level of activity displayed for
these chelators is within the range reported for the
inhibition of enzymes that contain metal ions, such as yeast
alcohol dehydrogenase and horse liver alcohol dehydrogenase
(31). The inhibition of hydrolysis by the three chelators
was unexpected, since the enzyme responsible for pyrethroid
hydrolysis in B. microplus was apparently shown to be a
carboxylesterase (E.C. 3.1.1.1)

(5), and carboxylesterases

are not known to contain essential metal ions or sulfhydryl
groups (32). The lack of inhibition by EDTA may be due to
its inability to interact with the negatively charged enzyme
(externally) or its inability to reach the site of the metal
ion (whether due to charge or size) as compared to the other
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three smaller and less polar chelators tested herein. The
binding of EDTA with metal ions in enzymes is often
prevented due to steric hindrance (31). In addition, metal
ions bound in enzymes often have fewer sites available for
binding to chelators when compared to free metal ions (31),
which may also explain the comparatively low level of
chelator inhibition. Since the substrates for the
trans-permethrin hydrolyzing enzyme would presumably be
somewhat hydrophobic, the active site of the enzyme may also
tend to be hydrophobic. This hydrophobicity would tend to
favor interaction with the relatively non-polar chelators
over EDTA, if the site of action for the chelators was near
or at the active site.
The monooxygenase inhibitor piperonyl butoxide was
slightly inhibitory towards trans-tetramethrin hydrolysis by
Musca domestica (30), and trans- and cis-permethrin
hydrolysis by Wiseana cervinata (29). Little inhibitory
activity was noted in this study for the oxidative
inhibitors tested (Table 15, Group IV). Inhibition by
sulfoxide and NIA 16824 dropped off almost completely at
10

—5

M. Thus, it is unlikely that oxidative metabolism was

involved in the hydrolysis of trans-permethrin in this
study.
The inhibition by both paraoxon and Hg

+2

prevents the

classification of the enzyme involved in trans-permethrin

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

167

hydrolysis from the midgut of P. includens by simplified
classification schemes (33) as an "A" (paraoxon is a
substrate and Hg+2 is an inhibitor), "B" (paraoxon is an
.

. .

inhibitor and Hg
effect and Hg

+2

+2

has no effect), or "C" (paraoxon has no

is an activator) esterase. The sensitivity

of this hydrolyzing enzyme to serine hydroxyl, sulfhydryl,
and chelating agents suggests that this enzyme is either an
unusual esterase, or it may be some other type of enzyme
acting as an esterase (such as some forms of aminopeptidases
(34)). The effects of the sulfhydryl group inhibitors and
chelators suggest that there is an essential sulhydryl group
and a metal ion, respectively, that must be uninhibited for
the enzyme to function optimally. Whether these groups occur
at the active site, or are located elsewhere and function as
allosteric modifiers is presently unknown. However, the
apparent involvement of essential sulfhydryl groups and
metal ions does suggest that inhibitor classes other than
organophosphates and carbamates may have use as potential
synergists for trans-permethrin on P. includens. Compounds
in these classes may be useful as snyergists for other
pyrethroids on other insect species as well.
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ABSTRACT

The potential involvement of the proteolytic enzyme
leucine aminopeptidase (E.C. 3.4.11.1)

(as indicated by the

hydrolysis of leucine beta-naphthylamide) from the midgut of
the soybean looper, Pseudoplusia includens (Walker) in the
hydrolysis of trans-permethrin was investigated.

On gel

electrophoresis, the zone of leucine aminopeptidase activity
was identical to that of trans-permethrin hydrolysis.
However, the elution by gel filtration of enzymes
responsible for trans-permethrin hydrolysis did not match
that for leucine aminopeptidase. The activity of selected
irreversible and competitive inhibitors on permethrin
hydrolysis was very similar to the results reported for
leucine aminopeptidase activity in other insects and
mammals, with the exception of organophosphates. Overall, it
appears that the enzymes responsible for the hydrolysis of
trans-permethrin and leucine beta-naphthylamide are
different, although many of their properties are
similar.
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INTRODUCTION

A tremendous variety of enzymes have been implicated in
the detoxification of insecticides (1). The pyrethroid
insecticides have recently become important in insect
control, and the metabolic processes that act on them have
been examined in some detail (2). One major route of
metabolism for several pyrethroids, including permethrin, is
hydrolysis of the ester linkage (3-7). The hydrolysis of
pyrethroids by insects appears to be mediated by enzymes
which are, or act as, lipases (8) or esterases (3-7, 9-11).
Biochemical studies on an enzyme purified from rat liver
that hydrolyzed pyrethroids indicated that it was a
carboxylesterase (E.C. 3.1.1.1)

(12). Recent investigations

of the enzyme responsible for trans-permethrin hydrolysis in
the midgut of the soybean looper, Pseudoplusia includens
(Walker), have indicated that sulfhydryl group reagents and
chelators can inhibit trans-permethrin hydrolysis (13).
These results are not consistent with the properties of
carboxylesterases (EC 3.1.1.1)

(14).

The midgut of insects is very active in hydrolyzing
pyrethroids (7, 11, 15). The midgut is also involved in a
majority of the proteolytic activity of digestion (16).
Leucine aminopeptidase (LAP) (E.C.3.4.11.1) has been found
in the digestive system of several insects (17-20), and is
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sensitive to sulfhydryl group reagents and chelators
(21,22). Also, mammalian forms of LAP are known to hydrolyze
simple carboxylic esters (21,22). Thus, it seems possible
that LAP may play a role in the hydrolysis of pyrethroid
esters by the midgut. This possibility was investigated by
using midgut preparations of P. includens.
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MATERIALS AND METHODS

Chemicals: Radiolabelled ^ C - trans-permethrin (57
mCI/mmole, labelled on the methylene carbon of the
3-phenoxybenzyl alcohol) was a generous gift from PMC Corp.
Paraoxon (0,0-diethyl 0-(4-nitrophenyl) phosphate), DPP
(0,0-diisopropyl phosphorofluoridate), and
1,10-phenanthroline were from Aldrich Chemical Co. The
1-naphthyl N-propylcarbamate (NPC) was from Frinton
Laboratories. The phenothrin was kindly provided by Dr. F.W.
Plapp, Jr., Dept,

of Entomology, Texas A & M University. All

other chemicals were from Sigma Chemical Co.

Assay for trans-permethrin hydrolysis: The assay for
trans-permethrin hydrolysis was performed as described
previously (15). Briefly, the filtered and diluted
homogenates of P.

includens midguts (in pH 7.4, 0.1 M

phosphate buffer,

with 0.05% bovine serum albumin) were

incubated with 5 |iM trans-permethrin for the desired time
period (usually 20 min). The incubation was terminated by
addition of methanol and dodecane, which served to terminate
the assay, and allow for separation of the parent
trans-permethrin from the 3-phenoxylbenzyl alcohol by
solvent partitioning (15). All assays were run in triplicate
on at least three separate occasions. In testing the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

180

activity of different purified enzymes, the stock
preparations were diluted at least 1:10 with the standard
buffer prior to assay.

Assay for leucine aminopeptidase activity: The assay
for leucine aminopeptidase activity was adapted from that of
Ward (18), and used leucine beta-naphthylamide (LBNA) as the
substrate (1 X 10 J M final concentration) and fast black K
in 1% Tween as the chromophore. A standard curve was
prepared using several concentrations of naphthylamine as
the standard. Absorbence was monitored at 600 nm, and an
extinction coefficient of ca. 25,000 was determined. Enzyme
solutions were prepared as described for the assays of
trans-permethrin hydrolysis. All assays were run in
triplicate on at least three separate occasions.

Protein content: Protein content for all non-gel assays
was performed using the Bio-Rad® packaged assay. This assay
is based on the method of Bradford (23).

Enzyme inhibition: Inhibiton assays were run under the
same conditions as for the previous enzyme assays. Potential
irreversible inhibitors were preincubated with the enzyme
preparation for 10 min before the substrate was added. For
potential competitive inhibitors, the compound and substrate
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were added simultaneously. Values determined were based on
concurrently run uninhibited enzyme activity. All assays
were run in triplicate on at least two separate occasions.

Gel filtration chromatography: Gel filtration
chromatography was performed as described previously (13).
Samples (0.5 ml of 10 midguts/ml added in 1.5 ml of the
standard buffer) were applied to a 1.6 X 100 cm. (i.d.)
column containing Sephacryl S-200 (Pharmacia), and then and
eluted with pH 7.4, 0.1M phosphate buffer (20 ml/hr)
containing 1 mM dithiothreitol and 0.01% lubrol. Fractions
(4 ml) were assayed for trans-permethrin hydrolytic and LAP
activity without dilution. The column was calibrated using
ribonulcease, chymotrypsinogen, ovalbumin, bovine serum,
bovine serum albumin (fraction V), and alcohol
dehydrogenase, according to the method of Andrews (24, 25).

Gel electrophoresis Gel electrophoresis was performed
as described previously (13). Briefly, samples (10 ul of 5
midguts/ml) were added to each track of 7.5% polyacrylamide
gels, and electrophoresed with pH 8.7, 0.1 M tris-glycine
buffer. Gels were sectioned (0.5 cm) and soaked in the
buffer used for assays overnight at 4° C. to elute the
enzymes responsible for trans-permethrin activity. The gels
were either stained for LAP activity using LBNA and fast
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black K according to published procedures (18), or stained
for protein using Coomassie Brilliant Blue R (Sigma), as
previously described (13).

Isoelectric focusing: Isoelectric focusing was
performed as described previously (13). Briefly,
polyacrylamide gels cast with Pharmalyte® ampholytes (pH
6.5-4) were prefocused for 1 hr, and then focused for 2 hrs
at 25 watts after application of samples (5 midguts/ml) to
each track. Gels were sectioned (0.25 cm) for
trans-permethrin hydrolase assays, and assayed for
trans-permethrin hydrolysis, LAP activity, and protein
content as described for gel electrophoresis.
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RESULTS

Maximum hydrolysis of trans-permethrin was produced by
the esterase, followed by the LAP, and thermolysin (Table
16). None of the other proteolytic, or other ester
hydrolyzing enzymes hydrolyzed trans-permethrin at the
concentrations tested.
The hydrolysis of trans-permethrin was effectively
inhibited by organophosphates (DPP and paraoxon), a
carbamate (NPC), two metal ions (Hg+^ and Cu+ ^), a chelator
(1,10-phenanthroline), and a sulfhydryl group reagent
(N-ethylmaleimide)

(Table 17). However, other metal ions and

the charged chelator, EDTA, had little effect.
The trans-permethrin hydrolysis was inhibited by a
number of potential competitive inhibitors as well (Table
18). The most effective of these was LBNA, followed by
leucine and leucinol. Another pyrethroid, phenothrin, was
less effective. The other postulated substrate for
trans-permethrin hydrolysis, ANA, showed very little
activity as a potential competitive inhibitor.
The LAP activity of the midgut preparations of P.
includens was most effectively inhibited by Hg+ ^, followed
by 1,10-phenanthroline (Table 19). Although some inhibition
was seen for organophosphates and carbamates, this
inhibition was less than 50% at the concentration used. In
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Table 16. Hydrolysis of trans-permethrin by
different purified enzymes.

Hydrolysis
Enzyme

Units used

(pmole/min/un it )

esterase

.014

leucine aminopeptidase

.07

72.0 +

3.1

thermolysin

.67

0.5 +

0.2

chymotrypsin

5.1

0

trypsin

1610.9 + 30.9

100

0

lipase

64

0

pepsin

250

0

carboxypeptidase B

21

0

papain

20

0

acetylcholinesterase

15

0

alkaline phosphatase

12

0

Values are means + standard deviations for two assays
of three replicates each.
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Table 17. Effect of potential inhibitors on the
hydrolysis of trans-permethrin by midgut preparations
of P. includens

Concentration (X 10“3M)

% Inhibition

HgCl2

•

o
h-1

i

Inhibitor

100.0 + 0.0

CuS04

1.0

100.0 + 0.0

ZnSO^

0.1

7.5 +11.3

MgCl2

0.1

1.0 + 1.7

MnCl2

0.1

6.0 + 8.8

NPC

0.1

100.0 + 0.0

DFP

0.1

100.0 + 0.0

paraoxon

0.1

100.0 + 0.0

EDTA

0.1

0.0 + 0.0

1,10-phenanthroline

1.0

47.4 + 6.9

N-ethylmaleimide

0.1

25.5 +19.7

Values are means + standard deviations for assays run
in triplicate on three occasions. See text for chemical
names of compounds.
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Table 18. Inhibiton of trans-permethrin hydrolysis by
potential competitive inhibitors.

Compound

% Inhibition at 10"3 M

leucine beta-naphthylamide

70.6 +

4.1

leucine beta-naphthylamide*

34.0 +

2.0

leucinol

46.2 +

5.6

leucine

34.4 + 17.3

leucylphenylalanine*

25.3 +

phenothrin

23.5 + 13.3

alpha-naphthyl acetate

17.4 +

9.3

5.9

Values are means + standard deviations for assays run
in triplicate run on at least two separate occasions.
designates assays were run with the inhibitor at
10"4 M.
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Table 19. Inhibition of the hydrolysis of leucine
beta-naphthylamide by P. includens midgut homogenates.

Compound

% Inhibition at 10”^ M

DFP

25.4 +

7.6

paraoxon

38.1 +

8.2

NPC

40.3 + 16.3

Hg+2

100.0 +

0.0

0.0 +

0.0

1,10-phenanthroline

97.3 +

4.0

EDTA

44.2 + 13.9

trans-permethrin

48.3 +

6.3

3.7 +

8.2

MgCl2

alpha-naphthyl

acetate

Values are means + standard deviations for assays run
in triplicate on at least two separate occasions.
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fact, trans-permethrin was more effective than the
organophosphates and carbamates.
Gel filtration chromatography resolved one peak of
trans-permethrin hydrolytic activity and one band of LAP
activity (Figure 15), which overlapped. The LAP activity
occured in fractions corresponding to an apparent molecular
weight of 110,000, which was somewhat larger than that for
trans-permethrin hydrolytic activity (ca. 80,000). The
specific activity of the trans-permethrin hydrolyzing enzyme
was 7.9

+ 0 . 3 nmole/min/mg protein, an 11.8 + 1.8 fold

purification was obtained, and the level of activity that
was recovered was greater than 95%. The specific activity of
the LAP was 772.8 + 9 . 8 nmole/min/mg protein, a 14.2 + 0.2
fold purification was obtained, and the level of activity
that was recovered was greater than 95%.
Gel electrophoresis indicated only one zone of
trans-permethrin hydrolytic activity (Figure 16). This
activity coincided with the location of a band stain for LAP
activity. Recovery of trans-permethrin hydrolytic activity
was greater than 95%.
Isoelectric focusing demonstrated only one area of
trans-permethrin hydrolytic activity, at pH 4.6-4.8 (Figure
17). The recovery of trans-permethrin hydrolytic activity
was greater than 95%. Unfortunately, no LAP activity could
be detected using the procedures described, nor was any
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Figure 15. Separation of trans-permethrin hydrolase and
leucine aminopeptidase (substrate = leucine
beta-naphthylamide) activity by gel filtration.
trans-Permethrin hydrolysis

(0

'

0

), leucine

beta-naphthylamide hydrolysis ( f a ...... f a ), absorbence at
280 nm (protein)
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Figure 16. Separation of trans-permethrin hydrolase and
leucine aminopeptidase (substrate = leucine
beta-naphthylamide) activity by gel electrophoresis.
Vertical lines indicate standard deviations for points
(means) of two replicates of four tracks performed on three
separate occasions.
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Figure 17. Separation of trans-permethrin hydrolase
activity by isoelectric focusing. No banding pattern could
be obtained for leucine beta-naphthylamide. Vertical lines
indicate standard deviations for points (means) of two
replicates of four tracks performed on three separate
occasions.
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activity observed on a wide range (pH 3-10) gel. Attempts to
remove interfering ampholytes to restore activity by soaking
in buffer for 1 hr were also unsuccessful. The enzyme may
focus in another area, or ampholytes may still be
interfering with the reaction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

196

DISCUSSION

Mammalian LAP is typically inhibited by Hg+2 and Cu+2
ions, but not by Zn+ 2 , Mn+ 2 , or Mg+2 ions (the latter two
ions are usually considered to be activators)

(21,22). The

chelating agent EDTA is also inhibitory; as are leucine and
leucinol, which appear to act competitively (21,22). The
organophosphate DFP generally has little effect on mammalian
LAP activity (21,22). Although less thoroughly studied,
insect LAPs appear to respond to these inhibitors in a
manner similar to that reported for mammalian LAPs. They are
also inhibited by Hg+2 and Cu+ 2 , but not by Mn+2 or Mg+2
(18). While EDTA is not an effective inhibitor,
1,10-phenanthroline, another chelating agent, is active
(17,18). As for the mammalian LAPs, DFP has had little or no
effect on LAP activity in insects (17,18).
Of the inhibitors tested in the present study, Hg
Cu

+2

+2

inhibited trans-permethrin hydrolysis by 100% at 10

and
—3

M

(Table 17). This degree of inhibition is similar to that
described for LAPs found in other insects (18), and in
mammals (22).

The poor inhibition of permethrin hydrolysis

by the ions Mn+2 , Mg+ 2 , and Zn+ 2 , also compares favorably
with results found for inhibition of LAP activity in other
insects with Mn

+2

and Mg

+2

(18) and in mammals (22). EDTA was

not an inhibitor of trans-permethrin hydrolysis in the
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present study, nor is it an inhibitor of LAP activity in
other insect species (17,18). However, the trans-permethrin
hydrolysis was inhibited by 1,10-phenanthroline, an
inhibitor of LAP activity in some insects, as well (17,18).
The inhibition of the ester hydrolysis by Hg

+2

and

N-ethylmaleimide suggests the presence of a sulfhydryl
group, since this chemical is known to inhibit enzymes by
interaction with sulfhydryl groups (26). Similarly, a
sulfhydryl group appears to be present in some forms of LAP

(2 2 ).
Inhibition of hydrolysis of permethrin was also noted
with leucine and leucinol, which are reported to be
competitive inhibitors of LAP in mammals (22), and also for
leucine beta-naphthylamide, which could also presumably act
competitively, since it is a substrate for LAP. Also,
trans-permethrin was able to inhibit LBNA hydrolysis more
effectively than organophosphates and carbamates. The level
of inhibition observed for the organophosphates paraoxon and
DPP, although demonstrated for hydrolysis of pyrethroids in
insects (13), was unexpected if the enzyme involved in
permethrin hydrolysis is assumed to be a LAP. DFP has been
reported to have little or no inhibitory activity towards
LAP when a typical proteolytic bond in a substrate is
involved (21,22). However, preincubation of porcine kidney
LAP with DEF and DFP (both at 10”^ M) produced in high
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levels of inhibition of trans-permethrin hydrolysis (96.9 +
4.4 and 82.9 + 5.7 % inhibition, respectively). DFP,
paraoxon, and NPC also inhibited LAP activity in the P.
includens midguts, although they were not nearly as
effective as they were in inhibiting trans-permethrin
hydrolysis. The I5 0 's for DFP, paraoxon, and NPC on
trans-permethrin hydrolyis by midguts of P. includens range
from 10”-*-® to 10“® M (13). Although organophosphates may be
able to inhibit trans-permethrin hydrolysis, the enzyme
involved is not necessarily an esterase (13). This
information may explain the apparent discrepancy between the
proposed involvement of LAP from an insect midgut in
hydrolysis of permethrin, and the inhibition of this
hydrolysis by organophosphorus compounds. Although LAP is
not reported to be inhibited by organophosphates,
trans-permethrin hydrolysis by an LAP was inhibited.
The results of gel electrophoresis (Figure 16),
indicated that LAP activity and pyrethroid ester hydrolysis
occurred in sections of the gel with the same corresponding
Rf values. Of the several bands which were produced by the
activity of "general esterases", only one fell within the
region where both LAP and pyrethroid hydrolysis occurred.
Assays using the porcine kidney LAP (Dowd and Sparks,
unpublished) indicated it also had the ability to hydrolyze
alpha-naphthyl acetate. This result was not unexpected,
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given the carboxylic ester hydrolyzing ability of various
forms of LAP described previously (21,22).
In gel filtration, the enzymes responsible for
trans-permethrin hydrolysis did not elute in the same
fractions as those responsible for LAP activity. This
information indicates that different enzymes may be involved
in the hydrolysis of the two substrates. Although other
proteolytic enzymes may be responsible for the
trans-permethrin hydrolysis, there is a possibility that the
enzyme form responsible for trans-permethrin hydrolysis is a
portion of the enzyme responsible for LAP activity. Perhaps
the larger form is broken down, losing its activity towards
LBNA, and gaining activity towards trans-permethrin. The
molecular weight for LAP determined in this study is similar
to values of 100,000 to 110,000 reported for LAPs in other
insects (17,20).
Thus, results of the present study suggest that some
other enzyme having inhibitor susceptibility and substrate
range similar to LAP, is involved in the hydrolysis of
trans-permethrin in the midgut of P. includens. This
information suggests that some other form of aminopeptidase
may still be responsible for the trans-permethrin
hydrolysis. Interestingly, assays involving hydrolysis of
trans-permethrin by the purified porcine kidney LAP
indicated that this phenomenon is not limited to forms of
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LAP occurring in insects. Although involvement of
proteolytic enzymes in detoxification processes has been
suggested (27), the present study appears to be one of the
few examples demonstrating that it may occur.
There are also several implications involved in these
findings. Previous work with inhibitors of LAP from other
sources may suggest potential synergists for pyrethroid
insecticides which are detoxified by hydrolytic processes.
In addition, the use of "general esterase" substrates such
as alpha-naphthyl acetate to

monitor pyrethroid ester

hydrolyis should be viewed with caution. This is especially
true where this type of assay is used to indicate the
development of pyrethroid resistance through a hydrolytic
mechanism. However, the results of the present study suggest
that an assay for the activity of LAP may provide a viable
comparison for monitoring pyrethroid ester hydrolysis in
other insects or tissues. Since the enzyme properties are
similar in P. includens, the same enzyme may be involved in
LBNA and trans-permethrin hydrolysis in other insects.
Finally, the known preference of proteolytic enzymes (such
as LAP) for trans- vs. cis- forms of peptide bonds (28) may
explain the previous reports concerning pyrethroid
hydrolysis, where trans- forms are known to be hydrolyzed
more rapidly than cis- forms (4-7, 9-11). Thus, if an
proteolytic enzyme related to LAP is actually the enzyme
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involved, it would explain much of the results with
inhibitors, and provide potential leads for inhibitors that
could be used as synergists of pyrethroid insecticides.
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COMPARISONS OF MIDGOTr FAT BODY, AND CUTICULAR ENZYMES FROM
PSEUDOPLUSIA INCLUDENS (WALKER) AND HELIOTHIS VIRESCENS
(F). RESPONSIBLE FOR THE HYDROLYSIS OF PERMETHRIN AND
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ABSTRACT

The activity of enzymes from the midgut, fat body, and
cuticular tissues of Pseudoplusia includens (Walker) and
Heliothis virescens (F.) towards cis- and trans-permethrin
and fenvalerate was monitored in last instar larvae. The
responses of these enzymes to 10“* M concentrations of a
representative organophosphate (paraoxon), a sulfhydryl
group reagent (HgT ‘ ) and a chelator (diphenylthiocarbazone),
were also monitored in last instar larvae. The midgut of P.
includens was the most active tissue towards all three
pyrethroids, followed by the fat body and the cuticle. The
midgut and fat body of H. virescens were about equally
effective in hydrolyzing trans-permethrin, but the midgut
was more effective in hydrolyzing cis-permethrin and
fenvalerate, compared to the cuticle. trans-Permethrin was
hydrolyzed by both insect species most rapidly, followed
generally by fenvalerate and cis-permethrin for all three
tissues. All three classes of inhibitors were generally
effective 0 9 0 % inhibition at 10“* M) in inhibiting the
hydrolysis of the three pyrethroids except for paraoxon and
Hg

+2

inhibition of fenvalerate hydrolysis by H. virescens

fat bodies, and diphenylthiocarbazone inhibition of
cis-permethrin hydrolysis by H. virescens midguts and fat
bodies. Additional investigation of the midgut enzymes of P.
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includens by gel filtration chromatography and isoelectric
focusing indicated that the enzyme responsible for cis- and
trans-permethrin hydrolysis was the same enzyme or closely
related enzyme forms (molecular weight of ca. 80,000, and pi
range of 4.6-5.0). This enzyme had a uniform linear response
to the three inhibitors when log of inhibitor concentration
was plotted against percent of inhibition. However,
fenvalerate hydrolysis was apparently due to four different
enzymes (all with a molecular weight of ca. 60,000 and pis
of 4.4-4.7, 4.7-5.0, 6.2-6.5, and 6.5-6.8), which were
different from those enzymes responsible for permethrin
hydrolysis. A biphasic response to the inhibitors was also
demonstrated, suggesting the enzymes responsible for
fenvalerate hydrolysis have varying susceptiblility to
inhibitors as well.
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INTRODUCTION

One of the major metabolic pathways for pyrethroid
insecticides in insects is ester hydrolysis (1). A variety
of factors can influence the rate at which a particular
pyrethroid is hydrolyzed (1). For example, cis-isomers are
generally hydrolyzed more slowly than trans- isomers, and
pyrethroids that contain alpha-cyano groups (on the
methylene carbon of the alcohol moiety) are usually
hydrolyzed at a lower rate than those without the cyano
group (1). Studies using selective inhibitors have indicated
that the hydrolysis of different pyrthroid insecticides, or
even pyrethroid isomers, may be the result of different
enzymes in the same tissue (2,3).
Pyrethroid hydrolysis has been found to occur in both
the soybean looper (Pseudoplusia includens (Walker)) (4,5)
and the tobacco budworm (Heliothis virescens (F.) (6). An
examination of midgut, fat body and cuticle of P. includens
has demonstrated that each tissue hydrolyzes
trans-permethrin at a different rate (4). Hence, the enzymes
involved in pyrethroid hydrolysis in these two insects may
vary according to the tissues or pyrethroids involved. Given
this information, an investigation was made of the relative
rates of hydrolysis of cis- and trans-permethrin and
fenvalerate by the midgut, fat body and cuticle of P.
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includens and H.. virescens, and the susceptibility of the
enzymes involved to inhibitors. The enzyme(s) in the midgut
of P. includens which were responsible for pyrethroid
hydrolysis were additionally characterized with gel
filtration and isoelectric focusing.
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MATERIALS AND METHODS

Chemicals: Radiolabelled ^ c

cis- and trans-permethrin

and 3-phenoxybenzyl alcohol (all 57 mCi/mmole, labelled on
the methylene carbon of the 3-phenoxybenzyl alcohol) were a
gift from PMC Corp. Radiolabelled ^ c

fenvalerate (specific

activity of 8.2 mCi/mmole, labelled on the chlorophenyl
group of the acid moiety) was a gift from Shell Development
Co. Radiolabelled fenvalerate acid was prepared from the
radiolabelled fenvalerate jLn situ by enzymatic hydrolysis.
Ten pi of the stock radiolabelled fenvalerate was added to
50 pi of porcine esterase (Sigma Chemical Co.)

(diluted 1:10

in 0.1M, pH 7.4 phosphate buffer) and incubated for 1 hr at
35°C. The acid was then separated by directly applying the
solution to C-18 (Whatman) reverse-phase TLC plates, using
methanol. Fenvalerate (Shell) and the corresponding acid
moiety of fenvalerate (2-(£-chlorophenyl)-3-methyl butyric
acid, Frinton Laboratories), were used as chromatographic
standards. Paraoxon (0,0,-diethyl 0-(£-nitrophenyl)
phosphate), and diphenylthiocarbazone (DPTC) were from
Aldrich Chemical Co.

HgClj was from Sigma Chemical Co, as

were all other biochemicals.

Insects: The larvae of P. includens larvae were reared
on a pinto bean diet (7), at 27 + 2° C., 40 + 10% relative
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humidity and 14L:10D photoperiod (4). Two day old feeding
last instar larvae (8) were used for all studies.

Enzyme Assays; Tissues were prepared as described
previously (4). Briefly, tissues were homogenized in 1 ml of
pH 7.4, 0.1 M phosphate buffer, and centrifuged at lOOOg for
five min. The supernatant (excluding any floating lipid
material) was filtered through a 0.45 pm filter (Whatman),
and diluted in pH 7.4, 0.1M phosphate buffer containing
0.05% bovine serum albumin such that the rate of hydrolysis
was linear over the course of the assays (4). The
concentration of pyrethroid was 5

|jiM

for all assays.

Separation of the hydrolysis products was by solvent
partitioning using dodecane and methanol (4). The partition
into the dodecane phase was 8 6 . 8 + 1 . 5 %

(S.D.) for

trans-permethrin, 96.1 + 0.2 % for cis-permethrin, and 95.0
+ 0.8 for fenvalerate. The partition into the
methanol-buffer phase was 81.2 + 1.9% for the phenoxybenzyl
alcohol (product for cis- and trans-permethrin) and 75.9 +
1.9% for the 2-(£-chlorophenyl)-3-methyl butyric acid
(product for fenvalerate). Preliminary observations using
TLC separation methods, indicated that only hydrolysis was
occurring, and that the solvent partitioning was reliable
under all conditions used in the assays, as was reported
previously for trans-permethrin (4). Protein concentration
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was determined with the Bio-Rad® packaged assay, which is
based on the method of Bradford (9).
The effects of potential inhibitors on pyrethroid
hydrolysis were examined by adding the inhibitors (in
ethanol or water) to the diluted tissue preparations,
preincubating for 10 min, and then incubating with the
pyrethroid (5pM) in question. Inhibition values are reported
relative to uninhibited preparations run concurrently. All
assays were run in triplicate on at least three separate
occasions.

Gel filtration chromatography; Gel filtration
chromatography was performed as described previously (5).
Briefly, a 100 X 1.6 cm (i.d.) column packed with Sephacryl®
S-200 was eluted with pH 7.4, 0.1 M phosphate buffer
containing 1 mM dithiothreitol and 0.01% lubrol, at a flow
rate of 20 ml/hr. One half ml of the filtered homogenate of
10 midguts was put, in 1.5 ml of the buffer, on the column.
Estimation of molecular weights was by calibrated gel
filtration (10,11) using the following proteins as molecular
weight standards: ribonuclease (13,500), chymotrypsinogen
(22,000), ovalbumin (45,000), bovine serum albumin, fraction
V (67,000), and alcohol dehydrogenase (140,000), and
monitoring at 280 nm. Gel filtration chromatography was run
three times, with assays for activity replicated twice each

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

216

time.

Isoelectric focusing; Isoelectric focusing was
performed according to published procedures (5)f on an LKB
Multiphor® system with gels made with Pharmalyte® narrow
range ampholytes (pH 4.0 - 6.5 and pH 6.0 - 8.0). Wide range
(pH 3-10) precast LKB polyacrylamide gels were used to
obtain preliminary determinations of the narrow range gels
needed. Gels were prefocused for 1 hr at 25 watts, 20 pi
samples of filtered solutions of 10 midguts/ml were added,
and electrophoresis was continued for approximately 2 hrs.
Gels were stained for protein using Coomassie Brilliant Blue
R as described previously (4). The gel tracks were sectioned
(1 cm for initial determinations for wide range gels, and
0.25 cm for narrow range gels) and soaked in buffer
overnight at 4°C. to elute the enzymes. The rate of
pyrethroid hydrolysis was assayed as described above. The
protein content was determined by differential comparisons
of gel eluents with and without addition of the enzyme
material, using the Bio-Rad assay. Isoelectric focusing was
performed three separate times, and assays of pyrethroid
hydrolysis on each occasion were performed in duplicate, and
consisted of four gel tracks per replicate.
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RESULTS

Of the pyrethroids tested, trans-permethrin was
hydrolyzed the most rapidly by all tissues of P. includens
(Table 20). The midgut was the most active tissue tested,
followed by the fat body and then the cuticle. The midgut
was also the most active tissue in hydrolyzing
cis-permethrin and fenvalerate, with fenvalerate being
hydrolyzed at a somewhat higher rate than cis-permethrin
(Table 20). For H. virescens, trans-permethrin was also
hydrolyzed faster than the other two pyrethroids tested for
all tissues. Unlike the tissues of P. includens,

the fat

body and the midgut of H. virescens were about equally
active towards trans-permethrin. The midgut was also more
active in hydrolyzing the other pyrethroid insecticides
relative to the other tissues in H. virescens. As with P.
includens, tissues of H. virescens also hydrolyzed
fenvalerate more rapidly than cis-permethrin.
For the midgut of P. includens, paraoxon was the most
•

effective inhibitor, followed by Hg

+9

and DPTC (Table 21).

These inhibitors were effective in inhibiting the hydrolysis
of all three pyrethroid tested, although the relationship
with fenvalerate was biphasic (see below). Paraoxon was
consistently effective as an inhibitor of the hydrolysis of
all three pyrethroids by all three tissues in P. includens
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Table 20. Hydrolysis of permethrin and fenvalerate by
different tissues of P. includens and H. virescens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

Midgut

Fat Body

Cuticle

1154.5 + 356.9

81.2 + 15.6

40.9 + 9.2

cis-permethrin

11.0 + 1.4

0.5 + 0.2

0.4 + 0.2

fenvalerate

15.2 + 3.0

1.2 + 0.5

0.7 + 0.1

65.1 + 0.6

64.8 + 9.0

15.6 + 3.0

2.3 + 0.4

1.7 + 0.3

1.4 + 0.5

10.2 + 2.6

3.2 + 0.4

4.3 + 1.3

P. includens
trans-permethrin

H. virescens
trans-permethrin
cis-permethrin
fenvalerate

Values are means + standard deviations for three assays
performed in triplicate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

219

Table 21. 1,-q values for inhibition of pyrethroid hydrolysis
by midgut preparations of P. includens.

Pyrethroid

paraoxon

Hg+ ^

DPTC

trans-permethrin

2.2+0.6X1 O'"11

2.0+0.8X10”7

5.2+0.6X10”6

cis-permethrin

2.6+0.1X10” 9

4.5+0.7X10-7

1.0+0.3X10“5

fenvalerate

1.5+0.3X10 " 6

.1.3+0.2X10~6

1.2+0.1X10-5

Values are means + standard deviations of three assays of
three replicates each.
I ijqS for fenvalerate are based only on the portion of the
curve which is linear through the 50% inhibition point.
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(Table 22). The sulfhydryl group reagent Hg

+2

effectively

inhibited (> 50%) the hydrolysis of all pyrethroids in all
tissues examined, with the exception of fenvalerate
hydrolysis by the cuticle, and to a greater extent,
fenvalerate hydrolysis by the fat body. The chelator DPTC
effectively inhibited the hydrolysis of all three
pyrethroids in all three tissues, although inhibition of
cis-permethrin hydrolysis by the fat body, and
trans-permethrin hydrolysis by the cuticle was somewhat less
than 90%.
Paraoxon was also generally effective in inhibiting the
hydrolysis of all three pyrethroids by all three tissues in
H. virescens, with the exception of fenvalerate hydrolysis
by the fat body (Table 23). The Hg

+2

ions were also

generally effective as an inhibitor, with the notable
exceptions of fenvalerate hydrolysis by the cuticle and the
fat body. Likewise, the chelator DPTC was generally
effective as an inhibitor with the exception of
cis-permethrin hydrolysis by the midgut and the fat body.
The gel filtration separation of enzymes responsible
for pyrethroid hydrolysis in P. includens midguts indicated
nearly coincidental patterns for cis- and trans-permethrin
(Figure 18). The apparent molecular weights were 80,000.
However, the enzyme(s) responsible for the hydrolysis of
fenvalerate eluted after those responsible for permethrin
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Table 22. Inhibition of permethrin and fenvalerate
hydrolysis by P. includens tissues with paraoxon, Hg

+9

, and

DPTC.

% Inhibition of hydrolysis at 10" 4M
Pyrethroid

paraoxon

Hg+2

DPTC

Midguta
trans-permethrin

100

100

100

cis-permethrin

100

100

100

fenvalerate

100

100

100

100.0 + 0.0

100.0 + 0.0

100.0 + 0.0

cis-permethrin

98.2 + 4.3

100.0 + 0.0

fenvalerate

97.7 + 4.8

Fat
trans-permethrin

Body

85.6 + 21.4

43.5 + 25.7

95.9 + 8.1

Cuticle
trans-permethrin

100.0 + 0.0

100.0 + 0.0

76.9 + 26.3

cis-permethrin

100.0 + 0.0

100.0 + 0.0

98.3 + 4.3

fenvalerate

94.7 + 10.6

87.5 + 11.9

99.2 + 1.5

Values are means + standard deviations for at least three
assays run in triplicate, and are based on concurrently run
uninhibited enzyme activity.
cl

ca

Values for midguts are extrapolated from I

curves.
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Table 23. Inhibition of permethrin and fenvalerate
hydrolysis by H. virescens tissues with paraoxon, Hg+ 2 , and
DPTC.

% Inhibition of hydrolysis at 10”4M
Pyrethroid

Paraoxon

Hg+2

DPTC

Midgut
trans-permethrin

100.0 + 0.0

100.0 + 0.0

cis-permethrin

100.0 + 0.0

97.6 + 7.3

70.4 + 14.6

97.4 + 4.6

94.6 + 8.3

99.8 + 0.4

100.0 + 0.0

100.0 + 0.0

96.8 + 3.5

cis-permethrin

97.5 + 5.4

99.4 + 1.7

71.6 + 12.1

fenvalerate

75.8 + 15.7

59.8 + 6.3

91.2 + 9.4

100.0 + 0.0

100.0 + 0.0

93.7 + 3.9

99.6 + 1.3

100.0 + 0.0

97.6 + 6.9

fenvalerate

Pat
trans-permethrin

99.8 + 0.4

Body

Cuticle
trans-permethrin
cis-permethrin
fenvalerate

100.0 + 0.0

82.7 + 14.1

99.9 + 0.1

Values reported are means + standard deviations for three
assays run in triplicate, and are based on concurrently run
uninhibited enzyme activity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

223

Figure 18. Separation of pyrethroid hydrolyzing enzymes
from P. includens midguts by gel filtration (typical
example). trans-Permethrin (in pmole)
cis-permethrin (in pmole X 10) (
fenvalerate (in pmole X 10) ( A "

J

(

0
J
111 A

),
)• Gel

filtration was performed on three separate occasions, and
all assays were run in duplicate.
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hydrolysis, and had an apparent molecular weight of 60,000.
Only one peak of activity was seen for the hydrolysis of
each of the three pyrethroids, and recovery of activity was
greater than 95%.
Preliminary results with wide range gels gave
appropriate pH ranges which were used for narrow range
electrophoresis. Narrow range electrophoresis indicated that
all of the cis- and trans-permethrin activity was resolved
at a pH range of 4.6-5.0 (Figure 19), while fenvalerate
hydrolysis occurred near this area (pH 4.4-4.7 and 4.7-4.9),
and in other areas as well. The broak peak at pH 5.5
indicates the area of sample application. Narrow range
electrophoresis indicated fenvalerate hydrolysis also in the
areas of pH 6.2-6.5 and 6.5-6.8 (Figure 20). Once again,
recovery of activity towards all three pyrethroids was
greater than 95%.
The inhibition curves for pyrethroid hydrolysis by the
midgut of P. includens indicate some differences in
response. While the inhibition of rates of hydrolysis of
cis- and trans-permethrin were generally linear, the
inhibition of hydrolysis of fenvalerate had a biphasic
relationship for paraoxon (Figure 21), Hg

(Figure 22), and

DPTC (Figure 23). The relative effectiveness of the
inhibitors also varied, as was mentioned previously. All
three inhibitors were effective in inhibiting cis- and
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Figure 19. Separation of pyrethroid hydrolyzing enzymes
from P. includens midguts by isoelectric focusing (pH
4.0-6.5)

(typical example). trans-Permethrin (in pmole)

( 0

0

)f cis-permethrin (in pmole X 10) ( H

fenvalerate (in pmole X 10) ( A " 1

A

1J

),

>• Isoelectric

focusing was performed on three separate occasions, and all
assays were run in duplicate.
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Figure 20. Separation of fenvalerate hydrolyzing
enzymes from P. includens midguts by isoelectric focusing
(pH 6.0-8.0)

(typical example). Isoelectric focusing was

performed on three separate occasions, and all assays were
run in duplicate. No permethrin hydrolyzing activity was
detected in this pH range.
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Figure 2 1 . .Response of pyrethroid hydrolyzing activity
by the midgut of P. includens to paraoxon. trans-Permethrin
(

0"1

fenvalerate (

'‘0
■■■— ""

),

cis-permethrin (
A

0|

" 'B

). Points represent means of

three assays performed in triplicate.
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Figure 22. Response of pyrethroid hydrolyzing activity
by the midgut of P. includens to Hg
(

0 ...........0

fenvalerate

(

),
fa

+2

trans-Permethrin

cis-permethrin (
m.

J

"

B

>r

). Points represent means

of three assays performed in triplicate.
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Figure 23. Response of pyrethroid hydrolyzing activity
by the midgut of P. includens to diphenylthiocarbazone.
trans-Permethrin ( 0
(

J

m

1
— ——

),

) r fenvalerate ( A

cis-permethrin
...

-A

). Points

represent means of three assays performed in triplicate.
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trans-permethrin hydrolysis, with I5Qs of less than 10 ”5 M.
However, Hg

+2

ions and paraoxon were much less effective in

inhibiting fenvalerate hydrolysis compared to the
effectiveness of these compounds in inhibiting the
hydrolysis of the other two pyrethroids.
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DISCUSSION

In insects, trans-permethrin is generally hydrolyzed
more rapidly than cis-permethrin (1). This trend occurs in
P. includens (4) and H. virescens (6) as well, and it was
confirmed for both insect species in the present study. The
rate of fenvalerate hydrolysis was generally found to be
less than that of trans-permethrin, and greater or equal to
that of cis-permethrin throughout larval development in P.
includens and H. virescens (see Chapter 4). The present
study indicates the same trend is reflected in the different
tissues of the last instar larvae as well.
The hydrolysis of different pyrethroids by the same
tissues has been found to vary within a given insect species
(3, 12). In Spodoptera eridania, the fat body is generally
the most active tissue in hydrolyzing trans-permethrin,
followed by the gut and the cuticle; but activity by the
head capsule, silk glands, hemolymph, and Malpighian tubules
is much lower (3). However, the pattern of tissue activity
for cis-permethrin is cuticle > gut > fat body > head
capsule, Malpighian tubules, hemolymph and silk glands (3).
In contrast, the midgut is more active than the cuticle in
hydrolyzing permethrin in Trichoplusia ni (12) and
Spodoptera littoralis (13), and the midgut is also more
active than the fat body in hydrolyzing permethrin in
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Wiseana cervinata (14). The hydrolysis of trans-permethrin
by tissues of P. includens has been found to range
midgut>>>fat body>cuticle throughout last instar development
(4). In the present study, this trend was found to be
consistent in both P. includens and H. virescens for cisand trans-permethrin and fenvalerate, although the
differences were of varying magnitude.
Differential sensitivity of insect tissues to
inhibition has also been reported for S. eridania midguts
and fat bodies (3). Both tissues are more susceptible to NPC
inhibition of trans-permethrin than are the cuticles (3).
Likewise, the hydrolysis of cis-permethrin by T. ni midguts
is more sensitive to profenofos inhibition than is the
hydrolysis by the cuticle, while the opposite is true for
the hydrolysis of trans-permethrin (12). Differences in
tissue sensitivity were noted in the present study as well.
All three inhibitors were generally effective in inhibiting
the hydrolysis of all three pyrethroids tested, for both
insect species, but there were exceptions. Paraoxon was
generally effective across the board, with the exception of
fenvalerate hydrolysis by the fat bodies of H. virescens.
The Hg

+2

.

ions were less effective m

inhibiting hydrolysis

of fenvalerate by the cuticle of P. includens, and notably
less for fat body hydrolysis of fenvalerate. The same trend
was noted for fenvalerate hydrolysis by the fat body and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

239

cuticle of H. virescens. The chelator DPTC was generally
effective in inhibiting hydrolysis of all pyrethroids
tested, with the exception of cis-permethrin hydrolysis by
fat bodies of P. includens and H. virescens, cis-permethrin
hydrolysis by the midguts of H. virescnes, and
trans-permethrin hydrolysis by the cuticles of P. includens.
The differences in the inhibition of pyrethroid
hydrolysis for the tissues examined suggest that different
enzymes may be involved in the hydrolysis of the pyrethroids
by each tissue. The greatest variability appeared in the
+2
case of fenvalerate. The Hg * ions were less effective in

inhibiting hydrolysis of fenvalerate by the fat body or
cuticle for both insect species. This occurrence suggests
that different enzymes are involved in hydrolysis in other
tissues (midgut), and also for other pyrethroids (cis- and
trans-permethrin). Another difference was seen for the
lesser effectiveness of DPTC in inhibiting hydrolysis of
cis- and trans-permethrin by the fat body and cuticle of P.
includens, and cis-permethrin hydrolysis by the cuticle of
H. virescens. Additionally, the similar response to the
inhibitors in these two cases suggests the enzymes involved
may be related.
The molecular weights of the midgut enzymes involved in
pyrethroid hydrolysis in this study (ca. 80,000 for
permethrin hydrolysis, and ca. 60,000 for fenvalerate
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hydrolysis) are all less than 100,000, as has been reported
for other pyrethroid hydrolyzing enzymes. For example, the
molecular weight of an enzyme from Myzus persicae which
hydrolyzes (lS)-trans-permethrin was 45,000 (15). The
molecular weight of a mouse liver enzyme which hydrolyzes
several pyrethroids is 74,000 (16). Interestingly, an
esterase from Boophilus microplus which hydrolyzes cis- and
trans-permethrin, as well as trans-cypermethrin, is 89,000;
while the molecular weight of an esterase which hydrolyzes
only trans-cypermethrin is ca. 67,000 (17). Thus, there are
two instances (including the present study) where an enzyme
which hydrolyzes an alpha-cyano substituted pyrethroid will
not hydrolyze unsubstituted pyrethroids. The isoelectric
points for the B. microplus esterases which hydrolyze
pyrethroids (15) are also similar to those reported in the
present study.
Biphasic responses to inhibitors have indicated that
multiple enzymes in individual tissues may be involved in
the hydrolysis of pyrethroids (3,12). These responses may
explain some of the results of this study as well. The
inhibition of fenvalerate hydrolysis by midgut preparations
of P. includens was found to be biphasic, which makes the
consideration of a simple I50 for inhibition an inadequate
descriptor of the action of an inhibitor. This is especially
true since it has some effect at much lower concentrations
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than would otherwise be expected (the response is
non-linear). Isoelectric focusing indicated four major areas
of fenvalerate hydrolyzing activity, suggesting the presence
of multiple enzymes. However, only one peak of cis- and
trans-permethrin activity was observed with isoelectric
focusing, and the response to inhibitors for both of the
substrates was generally linear. This information suggests
that only one enzyme (or closely related enzyme forms) is
likely to be responsible for hydrolysis of cis- and
trans-permethrin. In the case of P. includens midguts, this
activity appears to involve the same enzyme for both
pyrethroids. On the other hand, the difference in molecular
weights for the enzyme(s) responsible for fenvalerate vs.
permethrin hydrolysis, the differential response to
inhibitors, and the locations of different areas of activity
through isoelectric focusing suggests that some of the
enzymes responsible for fenvalerate hydrolysis are different
from those responsible for permethrin hydrolysis in midguts
of P. includens. The response of the different tissues of P.
includens and H. virescens in the present study to
inhibitors of fenvalerate hydrolysis was shown to vary more
from that observed for cis- and trans-permethrin hydrolysis.
This information lends further support to the hypothesis
that fenvalerate hydrolysis may be due to enzymes that are
different from those that hydrolyze the two permethrin
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isomers.
The use of inhibitors of pyrethroid hydrolysis as
potential synergists has been previously proposed (12, 18,
19). However, their relative effectiveness would depend on
which tissues are actually contributing to pyrethroid
hydrolysis in a particular insect species. Although the
midgut may be the most active tissue in hydrolyzing
pyrethroids, it may only be important when the pyrethroid is
taken in orally. Topically applied pyrethroids may be
hydrolyzed primarily by the cuticle or fat body. In
addition, an effective inhibitor of the hydrolysis of one
pyrethroid may be of little use in inhibiting the hydrolysis
of another pyrethroid. In this study, pyrethroids were found
to be hydrolyzed by different enzymes in different tissues,
but the three classes of inhibitors tested at 10“ ^M were
generally effective in inhibiting the hydrolysis of the
pyrethroids tested. However, the I^ q values determined for
the midgut suggest that the ranges of susceptibility to
inhibitors for different tissues and pyrethroids may be
wider than those indicated with the testing done at 10"^M.
The least variation in effect was found for the
organophosphate paraoxon. Thus, for these two insect
species, use of one tissue and one pyrethroid (such as the
P. includens midgut and trans-permethrin), may be useful in
screening for inhibition of pyrethroid hydrolysis in other
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tissues. However, different pyrethroids may be hydrolyzed by
different enzymes, indicating that in vitro effectiveness of
an inhibitor on a particular enzyme source may not be
applicable to the i n vivo synergism of different pyrethroids
in other insect species (see Chapter 8).
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ABSTRACT

A variety of organophosphates, carbamates, chelators,
sulfhydryl group reagents, ions, and potential competitive
inhibitors, were tested as iji vitro inhibitors of
trans-permethrin hydrolysis by midguts of Pseudoplusia
includens (Walker). The nonpolar (aryl or long chain (>2
carbon) alkyl organophosphates were found to be the most
effective inhibitors, with some having

less than

10"”10 M. Paraoxon analogs with 0-alkyl groups that were
ethyl or longer were approximately equally effective
inhibitors, while -thiono analogs were much less effective
than -oxon analogs. The most effective carbamates tested
were the aryl carbamates (carbaryl and NPC). The most
effective chelators tested were the aryl chelators
(diphenylthiocarbazone, diphenyl-l,10-phenanthroline,
dibenzoylmethane). For sulfhydryl group reagents, both ions
(Hg

+2

, Cu

+2

) and aryl compounds (gamma-bromo-

nitroacetophenone, 4-chloromercuriphenylsulfonic acid) were
effective. Only a few ions (Hg+ ^, Cu+ ^, Cd+ ^, Fl“^) were
inhibitory (> 25%) at 10~4M. Several substituted
phenylthiotrifluoropropanones produced IggS of less than
10

—7

Oxidative inhibitors showed some effect. Many

pyrethroids were inhibitory at 10“4 M, as were several
leucyl esters, but other esterase substrates were only
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slightly effective.
Of the compounds tested topically, the most potent
synergists were the arylchloroorganophosphates, although a
chelator (dibenzoylmethane) and a sulfydryl group reagent
(gamma-bromonitroacetophenone), and phenylthiotrifluoropropanone showed some activity. The synergists that
were effective for trans-permethrin on P. includens, were
generally effective for fenvalerate on P. includens and
trans-permethrin on H. virescens as well.
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INTRODUCTION

Ester hydrolysis is a major form of metabolism of
pyrethroid insecticides by insects (1). Any modification of
this metabolic pathway may affect the potential toxicity of
the pyrethroid involved. A number of different inhibitors of
this detoxication pathway have been reported, including
organophosphates (1), carbamates (1), sulfhydryl group
inhibitors (2,3), chelators (3), oxidative inhibitors (1),
as well as compounds such as NaF and guanidinium chloride
(4). These inhibitors can be used as biochemical probes to
investigate some of the properties of the enzymes involved
in pyrethroid ester hydrolysis (1). Some compounds in the
groups tested have also been shown to be effective
synergists, including profenofos (5, 6), DEF (1), phenyl
saligenin cyclic phosphonate (7), coumaphos (4), and
1-naphthyl N-propylcarbamate (NPC) (1). However, the
effectiveness of an inhibitor as a synergist seems to
depend, at least in part, on the insect species being
tested. For example, DEF is a better synergist for
trans-permethrin on Musca domestica than it is for
Trichoplusia ni (5).
Pyrethroid insecticides are used to control many
insects in the United States. Pyrethroid insecticides are
hydrolyzed by both the soybean looper,

Pseudoplusia
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includena (Walker)

(3,8), and the tobacco budworm, Heliothis

virescens (F.) (9). Since the midgut of P. includens (3),
contains enzymes that can rapidly hydrolyze pyrethroids (8),
it appeared to be a useful tissue for screening potential
inhibitors, and at the same time, determining more
information about optimum inhibitor structures. Therefore, a
wide variety of inhibitors, including organophosphates,
carbamates, sulfhydryl group reagents, chelators, oxidative
inhibitors, and potential competitive inhibitors were
screened as potential i n vitro inhibitors of
trans-permethrin hydrolysis by midgut preparations of P.
includens. The inhibitors which were effective in inhibiting
this hydrolysis were then screened (where practical) as
potential synergists of trans-permethrin and fenvalerate
toxicity to P. includens and trans-permethrin on H.
virescens.
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MATERIALS AND METHODS

Chemicals; Radiolabelled

trans-permethrin (57

mCi/mmole, labelled on the methylene carbon of the
3-phenoxybenzyl alcohol) and unlabelled trans-permethrin
were a gift from FMC Corp. Fenvalerate was a gift of Shell
Development Co. Potential inhibitors, including common
names, chemical names, and sources, are listed in Table 24.
All other biochemicals were from Sigma Chemical Co.

Insects: The larvae of P. includens and H. virescens
were reared on a pinto bean diet (10), at 27 + 2 °

C., 40 +

10% relative humidity, and a photoperiod of 14L:10D (8).
Late feeding (day 2) (11), last instar larvae of P.
includens were used as the source of midguts for all enzyme
studies, since maximum hydrolysis of trans-permethrin occurs
during this period (8).

Enzyme Assays: Tissues were prepared, and assays
performed as described by Dowd and Sparks (3). Briefly,
midguts were homogenized in one ml of pH 7.4 phosphate
buffer, the homogenates were centrifuged at 1000 £ for five
min, and then the supernatant was filtered through a 0.45 |im
filter. The homogenates were then diluted (1:20) so that
hydrolysis of trans-permethrin (five piM) was linear during
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Table 24. Inhibitors examined for activity

Chemical Designation

Common name-*-

Source

Organophosphates
acephate

0,S-dimethyl N-acetylphosphoroamido-

a

thiolate
crufornate

0-4-t-butyl-2-chlorophenylmethyl

b

O-methyl N-methylphophoroamidate
DFP

0,O-diisopropyl phosphorofluoridate

c

DEF

S,S,S-tri-butyl phosphorotrithiolate

b

demeton-S

O rO-diethyl S-(2-(ethylthio)ethyl)

b

phosphorothiolate
edifenphos

S fS-diphenyl O-ethyl phosphorodithiolate

d

EPPAT

O-ethyl S-phenyl phosphoroamidothiolate

a

methamidophos 0,S-dimethyl phosphoroamidothiolate
paraoxon

0,0-diethyl 0-(4-nitrophenyl)

a
c

phosphate
butylparaoxon
isopropylparaoxon
methylparaoxon

0,0-dibutyl 0-(4-nitrophenyl)

e

phosphate
0,O-diisopropyl 0-(4-nitrophenyl)

e

phosphate
0,0-dimethyl 0-(4-nitrophenyl)
phosphate
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Table 24, cont.

Common name-1-

pentylparaoxon
parathion

Chemical Designation

Source

0,0-dipentyl 0-(4-nitrophenyl)

e

phosphate
0,0-diethyl 0-(4-nitrophenyl)

b

phosphorothionate
methylparathion
phosmet

0,0-dimethyl 0-(4-nitrophenyl)

b

phosphorothionate
0,0-dimethyl S-phthalimidomethyl phosphoro-

b

dithioate
prophos

O-ethyl S,S-dipropyl phosphorodithioate

b

profenofos

0(4-bromo-2-chlorophenyl) O-ethyl S-propyl

f

phosphorothiolate
stirofos

0,0-dimethyl 0-1(2,4,5-trichloro-

b

phenyl)-2-chlorovinyl phosphate
sulprofos

O-ethyl 0-(4(methylthio)phenyl)-S-propyl

b

phosphorodithioate
TEPP

0,0,0',O'-tetraethyl pyrophosphate

b

TMCP

0,0,0-tri-m-cresyl phosphate

g

TMP

0,0,0-trimethyl phosphate

h

TPP

0,0,0-triphenyl phosphate

c
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Table 24, cont.

Common name^

Chemical Designation

Source

Carbamates
thiobencarb

S-(4-chlorophenyl)methyl N,N-diethyl-

b

carbamate
carbaryl

1-naphthyl N-methylcarbamate

b

carbofuran

2,3-dihydro-2,2-dimethyl-benzofuran-7- yl

b

N-methylcarbamate
eserine

5-methylcarbamoyloxy-l,3a,8-trimethyl-

i

2,2,3a,8a-tetrahydropyrrazolo-(2,3-b) indole
ethylcarbamate

j

methomyl

S-methyl-(oxyethanimido) N-methylcarbamate

b

NPC

1-naphthyl N-n-propylcarbamate

k

Chelators
BC-DS

bathocuproinedisulfonic acid

c

BP-DS

bathophenanthrolinedisulfonic acid

c

DBM

dibenzoylmethane

c

DPTC

diphenylthiocarbazone

c

DP-phenanthroline 4,7 diphenyl-1,10-phenanthroline

c

EDTA

ethylenediaminetetraacetic acid

i

neocuproine

2,9-dimethyl-l,10-phenanthroline

c
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Table 24 , cont.

Common name

Chemical Designation

Source

nonanedione

c

1,10-phenanthroline

c

SH-reagents
BNAP

gamma-bromo-4-nitroacetophenone

k

cupric chloride

CuCl2

i

CMPS

4F-chloromercuriphenylsulfonicacid i

mercuric chloride

HgCl2

i

NEM

N-ethylmaleimide

i

Metal ions and anions

cadmium chloride

CdCl2 *2.5H20

cobalt chloride

C o C12 '6H20

cupric chloride

CuCln

lead nitrate

Pb(N03 )2

magnesium chloride

MgCl2 ’6H20

manganese chloride

MnCl2 *4H20

mercuric chloride

HgCl2

potassium cyanide

KCN
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Table 24, cont.

Source

Common name^

Chemical Designation

sodium fluoride

NaF

i

zinc chloride

ZnCl2

i

Substituted thiotrifluoropropanonea (STFPs)

4-Br-PTTFP

3-(4-Br-phenylthio)-1,1 , 1-tri fluoro-2-

1

propanone
2-Cl-PTTFP

3-(2-Cl-phenylthio)-l,l,l-trifluoro-2-

1

propanone
3-C1-PTTFP

3-(3-Cl-phenylthio)-1,1,1-trifluoro-2-

1

propanone
4-C1-PTTFP

3-(4-Cl-phenylthio)- 1 , 1,1-trifluoro-2-

1

propanone
3,4-Cl-PTTFP

3-(3,4-dichloro-phenylthio)- 1 , 1 , 1-trifluoro- 1
2-propanone

ETFP

ethylthio-1,1 , 1-trifluoro-2-propanone

1

4-F1-PTTFP

3-(4-Fl-phenylthio)- 1 , 1 , 1-trifluoro-2-

1

propanone
4-MeO-PTTFP

3-(4-methoxy-phenylthio)- 1 , 1 , 1-trifluoro-2propanone
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Table 24, cont. •

Common name1-

Chemical Designation

Source

OTPP

octylthio-1,1,1-trifluoro-2-propanone

1

PTTPP

phenylthio-1,1,1-trifluoro-2-propanone

1

t-butyl-PTTFP 3-(4-t-butyl-phenylthio)-1,1,1-trifluoro-2-

1

propanone

Oxidative inhibitors
1-dodecylimidazole
NIA 16824

m
O-isobutyl O-2-propynyl

n

phenylphosphonate
piperonyl butoxide

(5-[[2-(2-butoxyethoxy)-ethoxy]-

b

methyl]-6-propyl-l,3-benzodioxole
sulfoxide

(5-[2-(octylsulfinyl)propyl]-

b

1 , 3-benzodioxole

Pyrethroids
allethrin

allethronyl (lR,S)-cis-/trans-

b

chrysanthemate
cis-permethrin 3-phenoxybenzyl (lR/S)-cis-3-(2f2-dichloro- n
vinyl)-2,2-dimethylcyclopropanecaroboxylate
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Table 24, cont.

Common name-*-

cypermethrin

Chemical Designation

Source

(R,S)-alpha-cyano-3-phenoxybenzyl

n

(lR,S)-cis/trans- 3 - (2,2-dichlorovinyl)2, 2-dimethyl-cyclopropanecarboxylate
Dowco 417

(R ,S )-alpha-cyano-3-phenoxypuriny1

o

(lR,S)-cis-/trans- 3 - (2,2-dichlorovinyl)2,2-dimethylcyclopropanecarboxylate
fenpropathrin (R , S )-alpha-cyano-3-phenoxvbenzyl 2, 2,3,3-

a

tetramethylcyclopropanecarboxylate
fenvalerate

(R ,S )-alpha-cyano-3-phenoxybenzy1 4-chloro

p

alpha- (1-methylethyl)benzeneacetate
fluvalinate

(R ,S )-alpha-cyano-3-phenoxybenzy1 N-(2-

q

chloro-4-trifluoromethyl)phenyl)valinate
phenothrin

3-phenoxybenzyl (lR yS )-1-cis/trans-

r

chrysanthemate
resmethrin

(5-benzyl-3-furyl)methyl 2,2-dimethyl-3-

b

(2-methylpropenyl)-cyclopropanecarboxylate
tralomethrin

(RyS)-alpha-cyano-3-phenoxybenzyl
(1R,S)-3-(l-bromo-2 , 2 , 2-tribromoethyl)2,2-dimethylcyclopropanecarboxylate
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Table 24, cont.

Common name^

Chemical Designation

Source

trans-permethrin 3-phenoxybenzyl (lR,S)-trans-

n

3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate

Amino acids, peptides, and related esters
L-leucine

i

L-leucyl beta-naphthylamide

i

L-leucyl 4-nitroanilide

i

L-leucylphenylalanine

i

L-valylphenylalanine

i

Miscellaneous esters
acetylthiocholine

i

butyl butenoate

i

alpha-naphthyl acetate

i

beta-naphthylglucosamine

i

4-nitrophenyl acetate

i

Common names refer to Entomological Society of America
names for insecticides, terms commonly used in the
literature, or terms that will be used in the text.
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Table 24, cont.

In cases where the common name and the chemical name are the
same, the chemical name is omitted.
Sources are as follows: a=Chevron Chemical Co., b=Chem
Service, c=Aldrich, d=Chemagro, e=Dr. Howard Chambers, Dept.
Entomology, Mississippi State Univ., f=Ciba Geigy, g=Kodak,
h=Matheson, i=Sigma, j=Baker, k=Frinton, l=Dr. Bruce D.
Hammock, Department of Entomology, University of California,
Davis, m=ICI Americas, n=FMC, o=Dow, p=Shell, q=Zoecon,
r=Dr. F.W. Plapp, Jr., Department of Entomology, Texas A&M.
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the course of the assay (20 min at 35°C.). The hydrolysis
product (3-phenoxybenzyl alcohol) was separated from the
parent trans-permethrin by solvent partitioning (8) using
methanol and dodecane. Inhibitors were added in one |al of
ethanol or water to the diluted homogenates, preincubated
for ten minutes, the trans-permethrin was added, and
incubation continued for 20 min. I5Qs were determined for
compounds that inhibited trans-permethrin hydrolysis by
greater than 80% at 10“^ M. Four to six concentrations of
each inhibitor were used concurrently with uninhibited
preparations when IggS were determined. Protein content was
determined using the Bio-Rad® packaged assay, which is based
on the method of Bradford (12).

Bioassays? The insecticides were topically applied (in
acetone) to the dorsum of feeding larvae (20-30 mg. for P.
includens and 35-45 mg. for H. virescens). Mortality was
determined after 72 hrs. The criterion for mortality was the
inability to translocate after 30 sec. Treatment groups
consisted of three replicates of 10 larvae for each of four
to five doses used. LD^g values were determined by probit
analysis (13).
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RESULTS

Among the aryl organophosphates tested, stirofos was
particularly effective, followed by

paraoxon, edifenphos,

profenofos, EPPAT, and TMCP (Table 25). All of these
compounds had Igg's of less than 1 X 10“8 , and all were
phosphate (P=0) compounds. The compound phosmet, which is a
phosphorothionate (P=S) was fairly effective as an
inhibitor. However, sulprofos, which is also a
phosphorothionate, was much less effective.
A few alkyl organophosphates were also highly effective
inhibitors (Table 26). DFP and DEF had Egg's of less than 1
X 10

—8

, while other alkyl organophosphates, and the

pyrophosphate TEPP, were much less active.
The 0,0-diethyl through 0,0-dipentyl paraoxon were
approximately equal in activity, while the 0, 0-dimethyl
analog was less active (Table 27). Paraoxon and methyl
paraoxon were much more active than the corresponding
parathion and methyl parathion (Table 27).
Compared to the organophosphates, the carbamates tested
were less active as inhibitors of trans-permethrin
hydrolysis. NPC was the mos effective of the carbamates
tested (I5Q of 3.3 X 10"8 . (Table 28).
Aryl, uncharged structures were also the most effective
of the chelators (Table 29). Diphenyl-1,10-phenanthroline,
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Table 25. Inhibition of trans-permethrin hydrolysis by P.
includens midgut homogenates with aryl organophosphates.
I
I
1

(M)

% Inhibition at 10“ 4 M

stirofos

5.0 + 0.3 X 10-11

100

paraoxon

2.2 + 0.6 X

I-*
o
1
I
-1
o

o
in
H

Compound

100

edifenphos

1.9 + 0.6 X 10" 9

100

profenofos

2.5 + 0.6 X 10" 9

100

EPPAT

5.5 + 1.0 X 10" 9

100

TMCP

9.5 + 1.3 X 10" 9

100

TPP

1.6 + 1.1 X 10" 8

100

crufomate

5.4 + 1.6 X 10" 8

100

phosmet

5.9 + 3.3 X 10" 8

100

sulprophos

2.0 + 1.0 X 10" 5

100

Values are means + standard deviations for three assays run
in triplicate. Values of 100% for inhibition at 10"4 M are
based on 1,-q curves. See Table 1 for chemical names.
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Table 26. Inhibition of trans-permethrin hydrolysis by
midgut preparations of P. includens with alkyl
organophosphates.

Compound

I50 (M)

« Inhibition (10“ 4M)

DPP

6.9 + 8.2 X 10" 11

100

DEF

2.4 + 0.6 X 10" 9

100

demeton-S

3.6 + 0.3 X 10" 8

100

prophos

1.1 ± 1.4 X 10“ 6

100

methamidophos

3.6 + 0.4 X 10" 6

acephate

> 1 X 10“ 4

7.2 + 6.3

tr imethylphosphate

> 1 X 10"4

1.4 + 3.1

TEPP

> 1 X 10"4

0.0 + 0.0

91.2 + 4.8

Values are means + standard deviations for three assays run
in triplicate. Values of 100% for inhibition at 10” 4 M are
based on Igg curves. See Table 1 for chemical names.
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Table 27. Inhibiton of trans-permethrin hydrolysis by midgut
preparations of P. includens with paraoxon analogs.

Compound

1,-q (M)

% Inhibition at 10’^M

5.3 + 1.8 X

I Q - 10

100

pentyl paraoxon

5.6 + 1.0 X 10’10

100

isopropyl paraoxon

1.0 + 0.7 X 10’ 9

100

methyl paraoxon

2.1 + 0.7 X

parathion

7.0 + 6.3 X 10" 7

100

methyl parathion

6.4 + 6.9 X 10’ 6

100

o

1

butyl paraoxon

00

2.2 + 0.6 X 10’10

H*

paraoxon

100

100

Values are means + standard deviations for three assays run
in triplicate. Values of 100% for inhibition at 10"^ M are
based on Igg curves. See Table 1 for chemical names.
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Table 28. Inhibition of trans-permethrin hydrolysis by
midgut preparations of P. includens with carbamates.

Compound

I50 (M)

% Inhibition at 10“4M

NPC

3.3 ± 2 *9 x 10"8

100

carbaryl

1.4 + 0.4 X 10"7

100

carbofuran

1.9 + 0.8 X 10”6

100

methomyl

6.3 ± 4 *3 x 10-6

100

thiobencarb

3.6 + 1.8 X 10"5

eserine
ethylcarbamate

---

> 1 X 10“4M

65.9 + 10.0
77.8 + 10.2
2.3 +

5.6

Values reported are means + standard deviations for at least
two assays performed in triplicate. Values of 100 for %
inhibition at 10~4M are based on I^g curves. See Table 1 for
chemical names.
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Table 29. Inhibition of trans-permethrin hydrolyis by midgut
preparations of P. includens with chelators.

Compound

% Inhibition (10“4M)

I50 (M)

3.0 + 0.4 X 10"6

100

diphenylthiocarbazone

5.2 + 0.6 X 10“6

100

dibenzoylmethane

5.7 + 1.6 X IQ"5

DM-1,10-phenanthroline

> 1 X

1,10-phenanthroline

> 1 X 10”4

nonanedione

> 1 X

DM, DP-1,10-phenant.hroline-DS

lU

i
—■
o
I

DP-1,10-phenanthroline

69.1 + 11.4
49.3 + 50.8
6.9

17.1 ±

8.6

> 1 X 10"4

13.6 +

7.8

DP-1,10-phenanthroline-DS

> 1 X 10“4

1.2 +

1.2

EDTA

> 1 X

^a>
o

0.0 +

0.0

O
1
•t.

47.4 +

i—i

1

Values are based on means + standard deviations of three
assays run in triplicate. Values of 100% for inhibition at
10

-4

M are based on I5 q curves. See Table 1 for chemical

names.
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diphenylthiocarbazone, and dibenzoylmethane all had I^ q 's of
less than 5 X 10~®M. Charged compounds such as the two
phenanthroline analog disulfonic acids (BC-DS and BP-DS) and
EDTA showed little activity.
Although less effective than the organophosphates,
several of the sulfhydryl group reagents were effective in
inhibiting trans-permethrin hydrolysis by P. includens
midguts (Table 30). The two ions, Hg+2 and Cu+ 2 , had Ie n 's
DU
of less than 1 X 10""^, as did the aryl gamma-bromonitroacetophenone, and 4-chloromercuriphenylsulfonic acid. In
this class of inhibitors, apparently both charged and
uncharged compounds are equally effective, in contrast to
the chelators where uncharged, less polar forms were the
most effective.
Only a few divalent metal ions and anions inhibited
trans-permethrin hydrolyis by P. includens midguts (Table
31). As previously mentioned, Hg+2 and Cu+2 had Igg's of
less than 1 X 10“^ M. The only other ions which showed much
activity were Cd

+2

and PI

—l

The substituted trifluoropropanones tested were rather
effective as inhibitors of trans-permethrin hydrolysis, as
some were almost as active as the better organophosphates
(Table 32). Especially effective were the unsubstituted
phenylthio-, and the 4-chloro- derivitized phenylthioanalogs. Other substitutions on the pehnyl ring tended to
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Table 30. Inhibition of trans-permethrin hydrolysis by
midgut homogenates of P. includens with sulfhydryl group
reagents.

Compound

h o ™

% Inhibition (10_4M)

HgCl2

2.0 + 0.8 X 10”7

100

CMPS

7.4 + 5.4 X 10“6

100

BNAP

6.1 + 2.5 X 10“6

100

CuCl2

6.1 + 2.5 X 10~5

100

NEM

> 1 X 10"4

25.5 + 19.7

Values are based on means + standard deviations of three
assays of three replicates each. The 100% values at 10""4 M
are based on Igg curves. See Table 1 for chemical names.
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Table 31. Inhibition of trans-permethrin hydrolysis by P.
includens with divalent metal ions and anions.

Metal ion

1 50 (M)

% Inhibition at 10“4M

Hg+2

2.0 + 0.8 X 10-7

100

Cu+2

6.1 + 2.5 X 10~5

100

Cd+2

> 1 X 10“4

41.7 + 22.0

Mn+2

> 1 X 10“4

13.5 + 10.1

Zn+2

> 1 X 10"4

13.2 + 12.9

Pb+2

> 1 X 10"4

9.7 +

6.4

Co+2

> 1 X 10"4

3.6 +

5.0

Mg+2

> 1 X 10~4

2.9 +

1.7

FI-1

> 1 X 10"4

38.8 +

4.2

CN"1

> 1 X 10-4

2.0 +

2.2

Values are means + standard deviations for at least two
assays run in triplicate. Values of 100% for inhibition at
10-4M are based on I^g curves. See Table 1 for chemical
names.
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Table 32. Inhibition of trans-permethrin hydrolysis by
midguts from P. includens with substituted
trifluoropropanones (TPPs).

Compound

1,-q (M)

% Inhibition at 10“^M

6.9

1.5 X 10“9

100

PTTPP

8.2 + 5.0 X 10”9

100

4-C1-PTTFP

4.4

+

1.5 X 10“9

100

4-t-butyl-PTTFP

9.0

+

2.1 X 10’8

100

3-Cl-PTTFP

2.0

+

0.2 X 10“8

100

2-Cl-PTTFP

6.1

+

1.2 X

pH

00
o

100

3,4-C1-PTTFP

8.5

+

4.5 X

iH

00
O

100

4-F1-PTTFP

5.4

+

1.1 X 10~7

100

4-Br-PTTFP

5.7

+

0.1 X 10"7

100

ETPP

8.1

+

4.2 X I Q " 7

100

4-methoxy-PTTFP

1.6

+

0.2 X

1
VI

1

M
O

+

1

OTPP

100

Values are means + standard deviations for three assays ren
in triplicate. Values of 100 for inhibition at 10“^ are
based on 1,-q curves. See Table 1 for chemical names.
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reduce activity, especially the 4-methoxy- derivitive.
The mixed function oxidase inhibitors tested were
relatively inactive (Table 33). All four compounds tested
had Ij q S greater than 1 X 10“® M.
All pyrethroids were able to inhibit trans-permethrin
hydrolysis by greater than 50% at 10“4 M except for
trans-permethrin and phenothrin (Table 34). However, at 5 X
10“® M, only Dowco 417 and fluvalinate inhibited
transr-permethrin hydrolysis by greater than 25%.
A few esters, acids, and alcohols were able to inhibit
trans-permethrin hydrolysis by P. includens midgut
homogenates at relatively high concentrations (> 10“4M)
(Table 35). The esters leucyl 4-nitrophenylanilide, leucine
beta-naphthylamide, and leucylphenylalanine all inhibited
hydrolysis by more than 25% at 10-4 M. Leucine and leucinol
also inhibited hydrolysis by more than 25% at 10

—3

M. Butyl

butenoate and naphthylglucosamine were also effective.
Some of the most active and less toxic (to mammals)
inhibitors which were screened as synergists on P. includens
increased toxicity of trans-permethrin to levels
significantly greater than the unsynergized trans-permethrin
(Table 36). Among these compounds were the phosphorothionate
phosmet, the chelator dibenzoylmethane, PTTPP, and the three
chloroaryl organophosphates stirofos, crufornate, and
profenofos. The slopes were dramatically increased when
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Table 33. Inhibition of trans-permethrin hydrolysis by
midguts of P. includens with inhbitors of oxidative enzymes.

Compound

1 ,-q

% Inhibition at 10"^ M

sulfoxide

4.7 + 1.3 X 10"5

80.6 +

9.8

1-dodecylimidazole

> 1 X 10

54.5+20.8

NIA 16824

> 1 X 10 “4

27.0 + 17.2

piperonyl butoxide

> 1 X 10 “4

8.8+7.3

Values are means + standard deviations for at least two
assays of three replicates each. See Table 1 for chemical
names.
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Table 34. Inhibition of trans-permethrin hydrolysis by
midguts of P. includens with pyrethroids.

% Inhibition at: 10"4 M

Compound

at 5 x :
10“6

95.2 +

4.2

30.7 +

94.1 +

5.2

49.4 + 16.9

92.1 +

6.7

7.3 ±

5.7

86.4 +

5.0

8.6 +

5.5

86.2 + 10.0

10.6 +

6.4

fenvalerate

84.0 +

8.3

10.7 + 10.5

resmethrin

78.4 +

9.4

7.1

Hr

7.1

cis-permethrin

75.6 +

3.3

8.3 +

6.6

tralomethrin

74.2 +

3.8

14.8 +

5.8

fenpropathrin

72.0 + 10.2

10.2 +

9.3

trans-permethrin

30.8 +

8.0

4.0 +

6.3

phenothrin

23.5 + 13.3

0.4 +

1.3

Dowco

417

fluvalinate
cypermethrin

(45:55, c:t)

allethrin
permethrin

(40:60, c :t )

4.8

Values are means + standard deviations for at least three
assays of three replicates each. c:t = cis- trans- isomer
ratio. See Table 1 for chemical names.
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Table 35. Inhibition of trans-permethrin hydrolysis by
midguts of P. includens with "competative" structures
(esters, acids, or alcohols).

% Inhibition <at 10-4 M

Compound

amino acids, peptides, and related esters
leucine 4-nitroanilide

76.0 + 16.6

leucinol

(10”^ M)

46.2 +

leucine

(10“ ^ M)

34.4 + 17.3

5.6

leucine beta-naphthylamide

34.0 +

2.0

leucylphenylalanine

25.3 +

9.3

6.6 +

6.5

valylphenylalanine

other esters, amides, and alcohols
beta-naphthylglucosamine

77.6 + 11.9

butylbutenoate

61.7 +

3.5

17.4 +

5.9

4.9 +

6.0

4.8 +

5.7

alpha-naphthyl
4-nitrophenyl

acetate
acetate

acetylthiocholine

Values are means + standard deviations for at least two
assays of three replicates each. See Table 1 for chemical
names.
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Table 36. Tests of inhibitors as synergists for
trans-permethrin on P. includens.

Inhibitor

LD50 ^ 9 / 9 *

(C.I.)

B+S.E.

S.R.

(control) 0.218

(0.186

—

0.247)

4.52 + 0.73 1.00

BNAP

0.238

(0.208

-

0.293)

4.82 + 1.20 0.91

paraoxon

0.232

(0.204

-

0.240)

4.14 + 0.68 0.94

edifenfos

0.190

(0.165

-

0 .220)

4.29 + 0.73 1.15

DEP

0.181

(0.159

-

0 .210)

4.62 + 0.69 1.20

ETFP

0.181

(0.158

-

0.213)

4.47 + 0.68 1.20

phosmet

0.150

(0.127

-

0.172)

4.04 + 0.64 1.45*

PB

0.144

(0.127 - 0.162)

5.40 + 0.68 1.53*

4-C1-PTTFP

0.134

(0.110

-

0.169)

2.91 + 0.58 1.63*

stirofos

0.131

(0.117

-

0.147)

6.98 + 1.16 1 .66*

dibenzoylmethane

0.129

(0.084

-

0.160)

2.81 + 0.72 1.69*

PTTFP

0.126

(0.109 - 0.146)

4.86 + 0.96 1.73*

crufomate

0.122

(0.103

4.48 + 0.75 1.79*

profenofos

0.092

(0.081 - 0 .102)

acetone

-

0.140)

7.82 + 1.85 2.35*
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Table 36/ cont.

Insects treated weighed 20—30 mg.

values are based on

4-6 doses on three sets of 10 insects each, and were
calculated by probit analysis (13). All synergists were
nontoxic at the doses used. C.I.=95% confidence intervals,
B=slope, S.E.=standard error, S.R.=synergist ratio. S.R.s
followed by an

indicate 95% confidence limits of LDggs

are significantly different.
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stirofos and profenofos were used, and the slope was
significantly decreased when dibenzoylmethane was used.
Hence, the LDgg for trans-permethrin when synergized with
profenofos and stirofos would be 3.4X and 2.2X that for the
unsynergized trans-permethrin, respectively (calculated from
the probit line). The inhibitors which were effective in
combination with trans-permethrin were often found to be
somewhat more effective when combined with fenvalerate
(Table 37). However, there were not as many significant
differences from the controls as there were for the
trans-permethrin bioassays.
The inhibitors which were effective on P. includens for
trans-permethrin and fenvalerate were also effective on H.
virescens for trans-permethrin (Table 38). Once again,
dibenzoylmethane, and profenofos were the most effective of
the compounds tested. However, testing was limited due to
lack of adequate numbers of insects.
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Table 37. Tests of inhibitors as synergists of fenvalerate
on P. includens.

Inhibitor

LD5Q (|jtg/g)

(C.I.)

B+S.E.

S.R.

acetone (control)

0.262 (0.227 - 0.314)

3.92 + 0.70

1.00

DEP

0.200 (0.131 - 0.322)

1.87 + 0.74

1.31

PTTPP

0.237 (0.206 - 0.288)

4.06 + 0.80

1.11

crufomate

0.167 (0.140 - 0.205)

3.19 + 0.63

1.58*

dibenzoylmethane

0.142 (0.036 - 0.322)

2.16 + 0.74

1.84

phosmet

0.138 (0.110 - 0.165)

3.09 + 0.67

1.91*

BNAP

0.137 (0.078 - 0.195)

1.58 + 0.50

1.92*

stirofos

0.132 (0.104 - 0.181)

2.44 + 0.73

1.98*

profenofos

0.099 (0.071 - 0 .120)

3.30 + 0.92

2 .66*

Insects treated weighed 20-30 mg. LD50 values are based on
4-6 doses on three sets of 10 insects each, and were
calculated by probit analysis (13). All synergists were
nontoxic at the doses used. C.I.=confidence intervals,
B=slope, S.E.=standard error, S.R.=synergist ratio, S.R.s
followed by an

indicate 95% confidence limits of LD^qS

are significantly different.
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Table 38. Tests of Inhibitors as synergists of
trans-permethrin on H. virescens.
■
o
in

Q

Inhibitor

<|ig/g) (C.I.)

B + S.E.

S .R .

acetone (control)

3.65

(2.98-5.53)

2.84 + 0.57

1.00

DEF

3.00

(2.53-3.70)

3.91 + 0.80

1.22

dibenzoylmethane

2.35

(1.68-3.03)

2.65 + 0.79

1.55

profenofos

0.78

(0.60-0.95)

2.98 + 0.72

4.68*

Values are based on insects weighing 35-45 mg. LD5 q values
are based on 4-6 doses on three groups of 10 insects each,
and were determined by probit analysis (13). All synergists
were nontoxic at the doses used. C.I.=95% confidence
intervals, B=slope, S.E.=standard error, S.R.=synergist
ratio, S.R.s followed by an

indicate 95% confidence

limits of LDggS are significantly different.
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DISCUSSION

Organophosphates are effective inhibitors of the transpermethrin hydrolyzing enzymes which occur in different
tissues of insect species. DEF inhibits trans-permethrin
hyrolysis by midgut preparations of T. ni by 82% at 10”^ M
(14).

Profenofos inhibits trans-permethrin hydrolysis by

82% and 85% in T. ni gut and cuticle preparations at 10“^ M,
respectively (14), and at 10“7 M it inhibits
trans-permethrin hydrolysis by Chrysopa carnea by 84% (7).
TPP added at 10-7M inhibits 36% of the trans-permethrin
hydrolysis by C. carnea homogenates (7), and it also
inhibits trans-permethrin hydrolysis in Periplaneta
americana (15) and Spodoptera littoralis (2). Other
organophosphates which are effective in inhibiting
trans-permethrin hydrolysis include pirimiphos methyl (16),
paraoxon,

(4), and parathion (17).

The results of the present study substantiate the
previously reported inhibitory ability of DEF (14), paraoxon
(4), profenofos (7,14), and TPP (2,7,15) for
trans-permethrin hydrolysis (see above). However, in the
present study, several inhibitors were much more effective
than has been previously reported. For example, DFP,
paraoxon, and stirofos had I j q S that were less than 10
as compared to 8 X 10

—8

—

9

M (approximately the minimum
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concentration yielding I j q S reported in a recent review
(1)). The preliminary filtration step in the preparation of
midgut homogenates may have removed a relatively greater
amount of protein than the procedures used in other studies.
With lower amounts of protein present, less binding to
proteins not involved in pyrethroid hydrolysis would occur,
resulting in relatively greater levels of inhibitors
available to bind to pyrethroid hydrolyzing enzymes.
Alternatively, the enzyme present in the P. includens midgut
may be much more sensitive to inhibition by organophosphates
than enzymes from tissues of other insects. A wide range
(nearly 100 X) of susceptibility to NPC was found for the
tissues of five insect species tested for inhibition of the
hydrolysis of resmethrin and tetramethrin isomers (18).
Regardless of the reason, the concentration of some
inhibitors needed to effectively inhibit trans-permethrin
hydrolysis was less in the present study than previously
reported elsewhere.
A great variation in susceptibility of the
trans-permethrin hydrolyzing enzyme in the P. includens
midgut to different organophosphates was noted in the
present study. However, from the compounds evaluated, it is
apparent that at least one portion of the inhibitor must be
relatively non-polar for it to be effective. Among the
non-thionate organophosphates tested, those possessing aryl
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groups had ^ q 's of less than 10”^ M, as did those with
phosphate esters consisting of three or more carbon atoms
(DEF and DFP). However, when the groups were smaller than
three carbons (if alkyl), then the inhibitors were much less
effective. The importance of nonpolarity is reemphasized
with the results of the O-alkyl substitutions on the
paraoxon analogs, since alkyl groups longer (and hence more
polar) than the O-methyl had similar levels of activity.
These results suggest that the active site of the enzyme
responsible for trans-permethrin in the midgut of P.
includens is relatively nonpolar, which would be expected
from the nonpolar nature of the trans-permethrin.
Previous work with -thiono vs. -oxon analogs indicated
little difference in activity (18). However, in the present
study, paraoxon and methyl paraoxon were ca. 3200X and 300X
more active than the corresponding parathion and methyl
parathion, respectively. This information suggests that this
enzyme responds in a manner similar to that of
acetylcholinesterase in regard to -oxon vs. -thiono
organophosphates. In an analogous comparison to
organophosphate inhibition of acetylcholinesterase, the
phosphorothionates tested were expected to be relatively
less active. However, the phosphorothionate phosmet was
found to be as effective an inhibitor as many of the
arylphosphorothiolates, although a P=0 impurity may be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

287

responsible for the activity. Hence, the presence of a
sulfur, as opposed to an oxygen, double bonded to the
phosphorus does not necessarily mean that the compound will
be a relatively less effective inhibitor.
Some carbamates have also been tested as inhibitors of
trans-permethrin hydrolysis. NPC yields *50 's of less than
10“5 M when added to different tissue homogenates of
Spodoptera eridania (19). Carbaryl added at 10“^ M to whole
body preparations of Wiseana cervinata inhibits the
hydrolysis of trans-permethrin by 90% (16). Carbaryl also
inhibited the hydrolysis of trans-permethrin by T. njL gut
preparations by 75% at 10

—5

M (14). Eserine inhibited the

hydrolysis of trans-permethrin by Boophilus microplus
preparations by 39.5% at 10”5 M (4). Results of the present
study also indicate that NPC, carbaryl, and eserine can
inhibit the hydrolysis of trans-permethrin in P. includens
as well. However, the activity of these inhibitors was
nearly 1000X less than that seen for the better
organophosphate inhibitors. In addition, similar to the
organophosphates, the most effective carbamate inhibitors
tested possessed non-polar, aryl groups (NPC and carbaryl).
Chelators have not typically been investigated as
inhibitors of trans-permethrin hydrolysis. Thus, the
activity of the additional chelators tested in this study
confirms their ability (3) to inhibit the hydrolysis of
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trans-permethrin by P. includens midgut preparations.
However, they are not nearly as active as the better
organophosphates. Moreover, a trend similar to that of the
organophosphates is seen for these compounds as well, namely
that of a greater activity of more nonpolar (or aryl) forms.
The three most effective compounds were diphenylthiocarbazone, diphenyl-1 ,10-phenanthroline, and
dibenzoylmethane. The analogs of 1,10-phenanthroline makes
this relationship even more apparent. The most active form
was that of the diphenyl, followed by the dimethyl
(neocuproine), then the underivitized form. The acidified
diphenyl form (BP-DS), as well as the acidified
unsubstituted form (BC-DS), had the least effect of all the
1,10-phenanthroline analogs tested. Once again, the results
from the chelator assays suggests that the active site of
the pyrethroid hydrolyzing enzyme (or at least the binding
site for these compounds) is likely to be relatively
nonpolar.
Some sulfhydryl group reagents have also been tested
previously as inhibitors of trans-permethrin or other
pyrethroid hydrolysis. PCMB inhibits the hydrolysis of
trans-permethrin by B. microplus prepartions by 2.6% at
10” ^M (4). NEM, HgCl2 , and C u C ^

inhibit the hydrolyis of

trans-tetramethrin in M. domestica (17). NEM may also
inhibit the hydrolysis of tralomethrin and tralocythrin in
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M. domestica (20). However, the inhibition may be due to an
interference in the debromination reaction which converts
these two compounds to deltamethrin and deltacythrin,
respectively (20). Thus, an apparent reduction of hydrolysis
may be due to the relative degree that tralomethrin vs.
deltamethrin and tralocythrin vs. deltacythrin are
hydrolyzed (20). The activity of both charged and uncharged
sulfhydryl group reagents suggests that at least some of
them (the charged forms) may be binding on different areas
of the enzyme than the nonpolar organophosphates and
chelators.
Very few metal ions inhibited trans-permethrin
hydrolysis by the midgut of P. includens. The possible
involvement of Hg

+2

and Cu

+2

as sulfhydryl group reagents

has already been discussed. NaF inhibited the hydrolysis of
trans-permethrin by B. microplus preparations (4), and it
was also active in this study. This information suggests
that the enzymes in the two species considered may be
similar in this respect.
The substituted trifluoropropanones are known to
inhibit ester-hydrolyzing enzymes such as
acetylcholinesterase, juvenile hormone esterase, and
alpha-naphthyl acetate esterase (21), so it was not
surprising that they also inhibited trans-permethrin
hydrolysis. For the phenylthio- analogs, the optimum halogen
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in the 4-position was chlorine, while the 4-position was
also the optimum position of a chlorine atom when present on
the ring. The addition of the more polar methoxy- moiety to
the S-phenyl ring caused a substantial decrease in activity.
Thus, once again it appears that more nonpolar forms are
more effective, although minor substitutions such as halogen
type or position can also have an effect on activity.
Given the apparent hydrolytic nature of the enzymes
involved, it is not surprising that inhibitors of mixed
function oxidases have been found to be less effective than
other types of inhibitors towards trans-permethrin
hydrolysis. Although piperonyl butoxide and
1-dodecylimidazole both inhibit the hydrolysis of
trans-permethrin by ca. 50% at 10”4M in W. cervinata (16),
in the present study, all of the mixed function oxidase
inhibitors were relatively poor inibitors of
trans-permethrin hydrolysis. The activity of some of the
organophosphate inhibitors of mixed function oxidases
towards pyrethroid hydrolysis has been attributed to their
ability to interact with serine hydroxyl groups in a manner
analogous to typical organophosphate inhibitors of
acetylcholinesterase (14).
Cypermethrin applied topically to P. americana inhibits
in vivo hydrolysis of trans-permethrin by 43% (15). Data
from the pyrethroids tested in the present study indicates
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that several other pyrethroids are also able to inhibit
trans-permethrin hydrolysis. trans-Permethrin is hydrolyzed
at least 10X more rapidly than cis-permethrin, fenvalerate,
fluvalinate, tralomethrin, and fenpropathrin by the midguts
of P. includens (Dowd and Sparks, unpublished). All of these
pyrethroids (at 10”^M) were more effective in inhibiting
trans-permethrin hydrolysis than trans-permethrin itself (a
concentration which is close to the Km (3)). However, it is
difficult to determine whether all of the pyrethroids remain
soluble at this concentration. Thus, apparently the
pyrethroids that inhibit trans-permethrin hydrolysis, but
are hydrolyzed a slower rate, may be more effective than
trans-permethrin in binding to the enzyme responsible for
hydrolysis. Dowco 417 and fluvalinate were the most
effective inhibitors of trans-permethrin hydrolysis at 5 X
10“® M. Both of these compounds contain a noncyano nitrogen
atom (the obvious difference between these and the other
pyrethroids), so some additional interaction of the
pyrethroid enzyme with the nitrogen groups of these
pyrethroids may explain why they can (apparently) bind more
effectively.
A number of esters, alcohols, or acids had some
inhibitory activity. Several of the leucine derivitives are
also known to inhibit, or be substrates for, leucine
aminopeptidase (22). The lack of inhibition noted for other
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ester substrates-, such as the naphthyl and nitrophenyl
acetates, and acetylthiocholine suggest that the native role
of the enzyme which hydrolyzes trans-permethrin is less
likely to be associated with general esterase or
acetylcholinesterase activity that it is with leucine
aminopeptidase activity (see Chapter 6 ).
A variety of compounds have been tested as synergists
of pyrethroid activity, many of which potentially owe their
effectiveness to their ability to inhibit the enzyme(s)
responsible for pyrethroid hydrolysis. While DEF has
certainly been tested extensively as a synergist of
pyrethroids on M. domestica and other Diptera, it appears to
be less effective as a synergist in other orders of insects.
Likewise, the effectiveness can also depend on the
pyrethroid tested. For example, when tested on T. ni, DEF
produced a synergist ratio (SR) <LD5q with synergist / LD5q
without synergist) of 0.6 for trans-permethrin, but 3.1 for
cis-cypermethrin (5). However, when tested on M. domestica,
it produced a synergist ration of 1.1 for trans-permethrin,
and 1.7 for cis-cypermethrin (5). Some of the most effective
synergists have been those compounds with arylchloro
moieties. Coumaphos produced SR's of 1.7, 1.1, 6.0, and 4.0
for trans- and cis-permethrin, and trans- and
cis-cypermethrin, respectively, on B. microplus (4).
Profenofos produced SRs of 0.6 and 1.4 for trans-permethrin,
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3.6 and 2.4 for cis-permethrin, and 1.3 and 1.5 for
fenvalerate when applied to T. ni and M. domestica,
respectively (5). However, phenylsaligencyclicphosphate is
the most effective inhibitor of hydrolysis reported, since
it synergized the toxicity of trans-permethrin to C. carnea
by 68X (6 ). In the present study, the most effective
organophosphate inhibitors were those possessing the
arylchloro-moieties, namely profenofos, crufornate, and
stirofos. Judging from previous reports of synergist trials
of organophosphates on other insects with cypermethrin (5),
these compounds would be expected to be more effective with
cypermethrin on P. includens and H. virescens than they were
for trans-permethrin and fenvalerate. In addition,
profenofos has been found to eliminate the levels of
resistance found in pyrethroid resistant H. virescens (see
Chapter 9). Hence, it would appear that one of the
arylchloro- organophosphates should be used in investigating
the involvement of pyrethroid resistance in insects
(especially Lepidoptera), as they are inherently more
effective ^n vivo, than other, more commonly used compounds
such as DEF.
In summary, it appears that the most effective class of
inhibitors of trans-permethrin hydrolysis in P. includens
midguts are the non-polar (aryl or long chain alkyl)
organophosphates. While this applies primarily to the
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phosphates (P=0), as opposed to the phosphorothionates
(P=S), some effective inhibition by appropriately structured
phosphorothionates can also occur. The enzyme involved in
trans-permethrin hydrolysis is also subject to inhibition by
sulfhydryl group reagents, chelators, carbamates, a few
ions, substituted thiotrifluoropropanones, and peptide-like
competitive inhibitors. Since many of the better inhibitors
in the different classes were relatively nonpolar, the
results suggest that the active site of the enzyme is
relatively nonpolar as well. Synergism was most effective
with arylchloro organophosphates in P. includens and H.
virescens for trans-permethrin and fenvalerate, although
some effect was also seen with PTTPP, a chelator (DBM), and
a sulfhydryl group inhibitor (BNAP). Hence, the midgut of P.
includens has proven to be a useful tissue not only for
elucidating the enzyme properties of a trans-permethrin
hydrolyzing enzyme (3), but also in providing a directions
for synergist identification. Future investigations of the
synergistic potential of other arylchloro- organophosphates
which are relatively non-toxic to mammals, or chloroderivitized of aryl chelators or sulfhydryl group reagents
may yield additional, useful synergists for pyrethroid
insecticides.
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ABSTRACT

The toxicity of trans-permethrin, cis-permethrin, and
fenvalerate was ca. 12.2X, 5.4X, and 2.5X less in third
instar larvae of a strain of Heliothis virescens (F.)
collected from the field in the Imperial Valley of
California, and reared in the laboratory, as compared to a
strain that has been continuously reared in the laboratory
since 1977. Piperonyl butoxide did not synergize
trane-permethrin to the Imperial Valley strain, while
profenofos increased the toxicity of trans-permethrin to
/

levels nearly identical to that for the laboratory strain.
The rates of hydrolysis were ca. 2-3X higher in the Imperial
Valley strain than the lab strain for cis- and
trans-permethrin, and fenvalerate. Isoelectric focusing
indicated an additional area of trans-permethrin hydrolysis
(pH 5.85-5.25) in the Imperial Valley strain, as well as
increases in other areas of activity found in the lab strain
(pH 5.25-5.10 and pH 5.0-4.65).

Use of organophosphate,

sulfhydryl group, and chelating inhibitors on midgut
preparations indicated that the enzymes in the Imperial
Valley strain were still susceptible to all of these
compounds. Hence, increases in hydrolysis do appear to be
involved in conferring pyrethroid tolerance in the Imperial
Valley strain.
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INTRODUCTION

Insecticide resistance is one of the major control
problems confronting agrarians today (1). The number of
resistant species has increased dramatically over the past
10 years (1). The potential for pyrethroid resistance in
many insects, including the tobacco budworm, Heliothis
virescens (F.), is an especially unnerving threat for the
future (2). Heliothis virescens has had a tradition of
presenting control problems, and the introduction of the
pyrethroids in the late 1970's was, in part, a response to
H. virescens resistance to many organophosphate insecticides
then in use (2 ).
Since H. virescens has had a history of developing
resistance to insecticides, there has been some concern that
it may also develop resistance to pyrethroids. Recent
problems with the related species, H. armiger, in Australia
(3), and the production of pyrethroid-resistant strains of
H. virescens in laboratory selection studies (4, 5), has
added to this concern. Studies on H. virescens from the
Imperial Valley of southern California (6 , 7), indicate a
decline in susceptibility to pyrethroids. A recent study on
H. virescens from the Imperial Valley (8 ), indicates 15 to
22X decreases in susceptibility to permethrin compared to a
susceptible strain, and increases in rates of metabolism of
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trans-permethrin in the Imperial Valley strain as well.
Since ester hydrolysis is an important mode of metabolism
for many pyrethroids in insects (9), including H. virescens
(1 0 ), the presence and nature of pyrethroid hydrolysis by an
Imperial Valley strain of H. virescens was compared to that
of a pyrethroid susceptible laboratory strain.
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MATERIALS AND METHODS

Insects: The susceptible strain of H. virescens was
obtained from a laboratory colony collected from cotton in
Louisiana in 1 9 1 1 , and annually supplemented with field
collected individuals. The tolerant strain was obtained
from the Imperial Valley in California, and was stressed
periodically with fenvalerate. Insects were reared on pinto
bean diet (11), at 27 + 1 °

C., 40 + 10% relative humidity,

and with a 14L:10D photoperiod. Insects selected for
hydrolytic assays were third or last instar feeding stage
larvae, while only last instar larvae were used for
isoelectric focusing and selective inhibition studies.

Chemicals: Radiolabelled ^4C cis- and trans-permethrin
(both 57 mCi/mmole, labelled on the methylene carbon of the
3-phenoxybenzyl alcohol) and unlabelled cis- and
trans-permethrin (99% pure) were a gift from FMC Corp.
Radiolabelled ^4C fenvalerate (8.7 mCi/mmole, labelled on
the chlorophenyl group of the acid moiety) and unlabelled
fenvalerate were a gift from Shell Development Corp.

The

2-(£-chlorophenyl)-3-methylbutyric acid was from Frinton.
DEF (S,S,S-tri-butyl phosphorotrithioate, and piperonyl
butoxide (5-[[2-(2-butoxyethoxy)-ethoxy]methyl]-6-propy1-1 ,3
benzodioxole) were from Chem Service. Profenofos
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(0-(4-bromo-2-chlorophenol),-O-ethylr S-propyl
phosphorothiolate) was from Ciba-Geigy. The
1,10-phenanthroline, and H g C ^ , were from Sigma Chemical Co.
All other biochemicals were from Sigma Chemical Co.

Bioassayst The larvae (35-45 mg) were treated on the
dorsum of the thorax with the pyrethroid or synergistpyrethroid combination (10:1 ), which was applied in 1 pil of
acetone. At least five doses were applied, and at least 30
insects were used per dose. Criteria for mortality (72 hr)
was the inability to translocate within 30 sec. of being
disturbed. Mortality was analyzed by probit analysis (12).

Enzyme assays: Whole body homogenates of larvae were
prepared using published procedures (13), and diluted in pH
7.4, 0.1M phosphate buffer containing 0.05% bovine serum
albumin such that the rate of hydrolysis of the different
pyrethroids (at 5 [JiM) was linear over the course of the
assays. Hydrolysis products were separated from starting
materials either through the use of solvent partitioning
(cis- and trans-permethrin)

(13), or C-18 reverse phase

(Whatman ®) thin layer chromatography with methanol as the
solvent (fenvalerate). Standards for TLC separation included
fenvalerate and 2-(£-chlorophenyl)-3-methylbutyric acid
(acid portion of fenvalerate). Following separation of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

306

hydrolysis products, quantification of radioactivity was by
liquid scintillation counting. The protein content of the
homogenates was determined using the packaged Bio-Rad®
assay, which is based on the method of Bradford (14).
Initial separation of the metabolized pyrethroid products
using TLC indicated only hydrolysis was occurring under the
conditions described for the assays.

Isoelectric focusing; Isoelectric focusing was
performed using an LKB Multiphor® system, and LKB precast pH
3-10 polyacrylamide gels, for determination of initial
activity areas, followed by narrow range (pH 4-6.5), cast
polyacrylamide gels (using Pharmacia® ampholytes), as
described previoulsy (15). Briefly, 20 ul samples per track
of whole body homogenates (4/ml), prepared as described
above were applied to a prefocused gel (1 hr at 25 watts).
Samples were then added, and electrophoresed for 2 hrs. Gels
were sectioned (0.25 cm), and assayed for trans-permethrin
hydrolytic activity (15).

Inhibition studies: Inhibitors (in ethanol or water)
were added to midgut (the most active tissue in H. virescens
for hydrolyzing pyrethroids, see Chapter 7) homogenates and
preincubated for 10 min. The trans-permethrin was then added
and incubation continued for 20 min. Inhibition levels are
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based on concurrently run uninhibited enzyme activity.
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RESULTS

Compared to the laboratory strain, the Imperial Valley
strain of H. virescens was ca. 12.2X, 5.4X, and 2.5X less
susceptible to trans-permethrin, cis-permethrin, and
fenvalerate, respectively (Table 39). Piperonyl butoxide did
not significantly synergize toxicity of trans-permethrin to
resistant strains; the difference between the LDggS W as
still ca. 12 fold. However, profenofos synergized the
toxicity of trans-permethrin by 4.8X to the lab strain, and
46.8X to the Imperial Valley strain, such that the toxicity
of the synergized mixture to the Imperial Valley strain was
nearly equal to that of the lab strain (Table 39).
Profenofos and piperonyl butoxide were apparently non-toxic
at the doses used.
The rates of hydrolysis of cis- and trans-permethrin,
and fenvalerate were approximately 2X higher in third instar
Imperial Valley strain larvae than in the lab strain larvae
(Table 40). trans-Permethrin was the most rapidly hydrolyzed
pyrethroid, followed by fenvalerate, and cis-permethrin. A
similar trend in activity for the two strains was noted for
last instar larvae (Table 40). Once again, the relative
rates of hydrolysis ranged trans-permethrin >>> fenvalerate
> cis-permethrin.
DEF and Hg+^ were the most effective inhibitors tested,
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Table 39. Toxicity of pyrethroids to lab and Imperial Valley
strains of Heliothis virescens.

LD50 (ug/g)
Pyrethroid

Lab (C.I,.)

I.Valley (C.I.)

RR

trans-permethrin

3.72 (2.98--5.52)

45.4 (36 .1-55.1)

12.2

cis-permethrin

.725 (.572--.882)

3.90 (2 .98-4.97)

5.4

fenvalerate

.880 (.730-■1.15)

2.18 (1 .80-3.18)

2.5

-

52.9 (32 .0-65.4)

-

.780 (.605--.962)

.970 (.720-1.20)

1.3

trans-permethrin +
piperonyl butoxide
trans-permethrin +
profenofos

Weights of insects ranged 35-45 mg. LD^ q S were determined
from at least five doses for each insecticide or insecticide
combination, with 30 insects per dose; values were
calculated by probit analysis (12). C.I.=95% confidence
intervals, RR= resistance ratio = LDso f°r Imperial Valley
strain / LDgQ for lab strain.
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Table 40. Pyrethroid hydrolysis in lab and Imperial Valley
strains of Heliothis virescens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

Lab strain

Imperial Valley

Third instar
trans-permethrin

53.6 + 12.8

109.0 + 19.6

fenvalerate

6.3 +

5.2

14.4 +

1.2

cis-permethrin

3.2 +

0.9

5.7 +

1.0

Last instar
trans-permethrin

13.6 +

1.8

44.1 +

7.0

fenvalerate

2.1 +

0.4

3.8 +

0.9

cis-permethrin

0.7 +

0.2

1.5 +

0.6

Values are means + standard deviations for three assays of
three replicates each.
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followed by l r10-phenanthroline (Table 41). All three
classes of inhibitors of pyrethroid hydrolysis (13),
(organophosphates, sulfhydryl group reagents, and chelators)
were effective to approximately the same degree on
preparations of both strains.
The isoelectric focusing indicated trans-permethrin
hydrolytic activity occurred over a fairly large region (pH
4.7-5.7) for both Imperial Valley and lab strains of H.
virescens (Figure 24). Recovered activity was greater in the
Imperial Valley strain than in the lab strain at two areas
(pH 5.0-4.65, and pH 5.25-5.10). An additional area of
activity (pH 5.85-5.25) was also seen in the Imperial Valley
strain.
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Table 41. Effects of inhibitors on trans-permethrin
hydrolysis by homogenates of lab and Imperial Valley strains
of H. virescens.

% Inhibition at 10 -4 M

Compound

Imperial Valley

Lab Strain

HgCl2

99.6 +

0.7

100.0 + 0.0

DEP

98.8 +

2.7

97.6 + 4.1

63.1 +

7.1

68.9 ± 6.7

1 ,10-phenanthroline

(10~3 M)

Values listed are means + standard deviations of at least
two assays run in triplicate.
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Figure 24. Separation of trans-permethrin-hydrolyzing
enzymes from Imperial Valley and lab strains of H. virescens
by isoelectric focusing , representative example (points
represent averages of two replicates).
(susceptible to trans-permethrin)

Lab strain

( £ .... 11.... 0

),

Imperial Valley strain (tolerant to trans-permethrin)
(

). isoelectric focusing was performed on two

separate occasions/ with two replicates per occasion.
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DISCUSSION

In past studies, the involvement of hydrolysis in
pyrethroid resistance has been shown to be limited. For
example, no increase in the rate of hydrolysis was reported
for a pyrethroid resistant strain of Musca domestica (16).
Slight increases in hydrolysis of trans-tetramethrin were
observed for other resistant strains of M. domestica (17,
18). No change in the rate of permethrin hydrolysis was
apparent for a pyrethroid resistant strain of Boophilus
microplus (19). However, a later study on B. microplus
indicated some increases, although they were small (15%
increase in 2 hrs)(20). The degree of synergism with
coumaphos (an organophosphorus compound, which would be
expected to inhibit hydrolysis) was also greater in the
resistant strain (20). Further studies on B. microplus
strains resistant and susceptible to pyrethroids
demonstrated differences in numbers and total activity of
esterases separated by isoelectric focusing which would
hydrolyze pyrethroids (21). A purified carboxyesterase from
a strain of Myzus persicae resistant to pyrethroids and
organophosphates, which was present only at very low levels
in the susceptible strain, also hydrolyzes (IS)-transpermethrin (2 2 ).
Increased rates of hydrolysis of esterase substrates
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and the synergism with DEP suggest the involvement of
hydrolytic enzymes in the resistance of Spodoptera
littoralis to pyrethroids (23, 24). However, no actual
studies using a pyrethroid as a substrate were involved. The
hydrolysis of trans-permethrin in permethrin resistant
(400X) S. exigua is 2-3X higher that that of permethrin
resistant (4X) S. littoralis (25). However, kdr is
considered to be the major contributor to the observed
resistance (25). Changes in general esterase activity do not
appear to be involved (25).
The results of the present study indicate higher rates
of hydrolysis for three pyrethroids (in both of the larval
instars tested) of pyrethroid tolerant (Imperial Valley) H.
virescens as compared to a pyrethroid susceptible (lab)
strain. Isoelectric focusing indicated increased rates of
pyrethroid hydrolysis in two pH ranges and one new area of
activity, which suggests both a quantitative and qualitative
difference in the enzymes responsible for trans-permethrin
hydrolysis in the Imperial Valley strain of H. virescens.
Thus, increased hydrolysis may be contributing to pyrethoid
resistance in this strain of H. virescens. Although the
increases in hydrolysis in the tolerant strain of H.
virescens were not of the same magnitude as the increases in
toxicity except for fenvalerate, the highly effective
synergism with profenofos (an effective inhibitor of
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pyrethroid hydrolysis and an effective synergist (26,
Chapter 8 )) suggests that hydrolysis may be relatively more
important in contributing to resistance than oxidative
metabolism.
Pharmokinetic studies with pyrethroids indicate that
hydrolysis of pyrethroids by nerve cords can occur (27).
Sequential pyrethroid hydrolysis by cuticle or gut (initial
site of entry), then the fat body (which the pyrethroids
encounter during the distribution within the hemolymph), and
finally the nerve cord, may serve to multiply the effective
rate of hydrolysis to levels that would not be expected
through simple whole body comparisons. However, other
studies with pyrethroid resistant strains of H. virescens
suggest that kdr may also be involved in conferring
resistance to pyrethroids in H. virescens (8 ). The combined
results from these two studies suggests that further studies
of the rates of hydrolysis in nerve preparations, in
addition to cuticle, fat body, and midgut, of pyrethroid
resistant H. virescens may be necessary to determine the
relative involvement of kdr and hydrolysis in conferring
resistance. This will be necessary, since insensitivity of
nerve preparations attributed to a kdr response may be due
to relatively higher rates of hydrolysis occurring in the
nerve preparation itself.
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CHAPTER 10

THE EFFECTS OF HOST PLANT FEEDING ON PYRETHROID HYDROLYSIS
IN PSEUDOPLUSIA INCLUDENS (WALKER) AND
HELIOTHIS VIRESCENS (F.)
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ABSTRACT

The effects of plant and artificial diet feeding on the
hydrolysis of trans-permethrin, cis-permethrin and
fenvalerate were investigated in larvae of Pseudoplusia
includens (Walker), and Heliothis virescens (F.). Insects
collected from plants in the field had different rates of
pyrethroid hydrolysis than laboratory strain insects reared
on artifical diet. The hydrolysis of trans-permethrin was
slower in P. includens collected from soybeans (Davis) in
the field than for the laboratory strain reared on
artificial diet, while the opposite was true for
cis-permethrin. The hydrolysis of trans-permethrin and
fenvalerate was higher in the field strain of H. virescens
collected from cotton (Stoneville 213) than for the
laboratory strain reared on artificial diet, while the rate
of cis-permethrin hydrolysis was approximately the same in
both cases.
The rate of hydrolysis of trans-permethrin was
approximately the same for larvae of the laboratory strain
of P. includens reared on artificial diet, leaves of an
insect susceptible soybean variety (Bragg), and leaves of an
insect resistant variety (PI227687). However, the rate of
hydrolysis of cis-permethrin and fenvalerate was
significantly higher for those insects fed on the PI227687
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leaves as compared to insects fed on the other diets. The
hydrolysis of all three pyrethroids was generally increased
in third and last instar larvae of the laboratory strain of
H. virescens when fed on tobacco and cotton as opposed to
the artificial diet.
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INTRODUCTION

The adaptation of insects to their respective host
plants requires coevolutionary biological changes (1). Since
many toxic agents may be present in a particular host plant,
an insect must be able to counteract these toxins if it is
to survive (2). One potential approach is to increase the
metabolic capability and hence, the insects ability to
detoxify a harmful compound (2). This increase in
detoxifying enzyme activity may be stimulated by the
presence of plant toxins (3-5). The induction can
potentially also affect other xenobiotics (such as
insecticides) that an insect comes in contact with. It has
been shown that feeding on certain plant species or
secondary plant compounds may result in increased (6 ), or
decreased (7,8) insecticide toxicity, presumably due to
changes in the rates of insecticide metabolism.
In insects, pyrethroid insecticides are detoxified
through a variety of metabolic pathways, including ester
hydrolysis (9). Hydrolysis of pyrethroid esters occurs in
both the soybean looper (Pseudoplusia includens (Walker))
(10) and the tobacco budworn (Heliothis virescens (F.)) (11,
see Chapters 4, 7, and 9). Since the hydrolysis of
£-nitrophenyl acetate has been found to be influenced by the
presence of soybean leaf extracts which are incorporated
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into artificial diets (1 2 ), the hydrolysis of other
insecticides containing ester moieties, such as the
pyrethroids, may also be influenced by the host plant that
is fed upon. Thus, a study was undertaken to test the
effects of plant feeding on pyrethroid hydrolysis in P.
includens and H. virescens.
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MATERIALS AND METHODS

Chemicals: Radiolabelled 14C cis- and trans-permethrin
(57 mCi/mmole, labelled on the methylene carbon of the
3-phenoxybenzyl alcohol), were a gift of FMC Corp.
Radiolabelled ^ C

fenvalerate (8.2 mCi/mmole, labelled on

the chlorophenyl group of the acid moiety) was a gift of
Shell Development Co. Dodecane and methanol were from
Aldrich Chemical Co. All other biochemicals were from Sigma
Chemical Co.

Insects: Laboratory strains of P. includens and H.
virescens were obtained from colonies where larvae were
reared on a pinto bean diet (13), at 27 + 2 °

C., 40 + 10%

relative humidity and a photoperiod of 14L:10D. Larvae of P.
includens and H. virescens from the field were collected
from soybeans and cotton, respectively, and held on the host
plant material until assayed. Fully mature (at least four
leaves below the most recently mature leaf) soybean leaves
(Bragg or PI227687) were collected from the the field, and
fed to the lab reared larvae of P. includens for 24 hrs
prior to assay. Field collected cotton squares (Stoneville
213) and tobacco leaves (NK-K326) were fed to larvae of H.
virescens for 24 hrs prior to assay. Larvae and plant
material were held under the the same laboratory conditions
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as those fed on artificial diet (see above).

Enzyme assays: Whole body homogenates of feeding last
instar (day 2) P. includens (14) and third and last (day 2)
instar H. virescens insect larvae were used for all assays,
and were prepared as described previously (10). Briefly, the
insects were homogenized in one ml of pH 7.4, 0.1 M
phosphate buffer, the homogenates were centrifuged at 1000c[
for five minutes, and the supernatant (excluding any
floating lipid material) was removed for dilution.
Homogenates were diluted so that hydrolysis was linear over
the course of the assay, as reported previously (10). The
concentration of the pyrethroids was 5 pM in all cases.
Preliminary TLC separations indicated that only ester
hydrolysis was occurring under the conditions used for the
assays.
Separation of metabolites was accomplished by solvent
partitioning between methanol and dodecane (10). Protein
concentration was determined with the Bio-Rad® packaged
assay, which is based on the method of Bradford (15). All
assays were performed in triplicate on at least three
separate occasions.
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RESULTS

The lab strain of P. includens larvae fed on artificial
diet hydrolyzed trans-permethrin more rapidly than those
larvae collected from the field on soybeans, while the
opposite was true for cis-permethrin (Table 42). The
hydrolysis of trans-permethrin, cis-permethrin, and
fenvalerate was less in H. virescens larvae fed on
artificial diet in the lab as compared to those collected on
cotton squares from the field, although the difference in
cis-permethrin hydrolysis was slight (Table 42). In all
cases, the rates of hydrolysis ranged trans-permethrin >
fenvalerate > cis-permethrin.
Feeding the laboratory strain of P. includens on Bragg
and PI227687 soybean leaves generally caused slightly higher
rates of trans-permethrin hydrolysis over those fed on
artificial diet (Table 43). However, rates of hydrolysis
were much higher for larvae fed on PI227687 leaves as
opposed to the standard diet, both for cis-permethrin (1.4X)
and fenvalerate (2.5X) (Table 43).
In contrast to the results seen from the studies of
feeding soybean leaves to laboratory strains of P.
includens, feeding the laboratory strain of H. virescens
with tobacco leaves (Table 44) or cotton squares (Table 45)
generally caused increases in rates of hydrolysis of
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Table 42. Pyrethroid hydrolysis by field collected and lab
strains P. includens and H. virescens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

Lab Strain

Field Collected

P. includens
trans-permethrin
cis-permethrin

90.7 + 18.6
0.8 +

0.2

58.8 + 22.6 *
3.4 +

1.6 *

2.9 *

H. virescens
13.6 +

1.8

17.3 +

cis-permethrin

0.9 +

0.3

1.0 +

fenvalerate

2.1 +

0.4

10.6 +

trans-permethrin

0.6
5.2 *

Values listed are means + standard deviations for at least
two assays of two replicates each. The field strain P.
includens larvae were collected from soybean (Davis variety)
leaves, while the field strain H. virescens larvae were
collected from cotton (Stoneville 213) squares. Means in
rows followed by

indicate significant differences at

p<0.05. by t-test analysis.
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Table 43. Effects of differential feeding on pyrethroid
hydrolysis in a lab strain of P. includens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

trans-permethrin

Control

Bragg

PI227687

22.3 + 5.6a

24.8 + 3.2a

29.0 + 6.6a

cis-permethrin

2.6 + 0.7a

2.4 + 0.7a

3.5 + 0.6b

fenvalerate

1.6 + 0.3a

1.9 + 0.3b

3.9 + 0.6c

Values are means + standard deviations for three assays of
three replicates each. Means in rows followed by the same
letter are not significantly different at p< 0.05 by
analysis of variance.
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Table 44. Effects of tobacco feeding on pyrethroid
hydrolysis in lab strains of H. virescens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

Artifical Diet

Tobacco

Third Instars
+1

o
.
CO

**

cis-permethrin

2.0 ±

0.8

2.0 +

0.9

fenvalerate

8.8 +

2.1

16.4 +

2.8

**

53.3 +

3.9

**

trans-permethrin

47.2

69.5 + 20.1

Last Instars
trans-permethrin

31.2 ± 15.4

cis-permethrin

2.6 ±

1 •2

1.7 +

0.3

*

fenvalerate

5.0 +

2.2

10.6 +

0.6

**

Values are means + standard deviations for three assays of
three replicates each.

=* means are significantly

different at p<0.05? "**" = means are significantly
different at p<0.01; both by t-test analysis.
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Table 45. Effects of cotton square feeding on pyrethroid
hydrolysis in lab strains of H. virescens.

Hydrolysis (pmole/min/mg protein)
Pyrethroid

Artificial Diet

Third

Cotton

Instars
22.5 +

cis-permethrin

2.0 +

0.5

2.2 +

0.6

fenvalerate

5.1 +

0.3

10.0 +

3.7

**

Last

.

2.5

o
00

*

14.8 +

trans-permethrin

Instars

52.3 +

1.5

34.3 +

7.7

**

cis-permethrin

0.9 +

0.2

1.9 +

0.6

**

fenvalerate

2.3 +

1.3

5.4 +

0.9

**

trans-permethrin

Values are means

+ standard deviations for three assays of

three replicates each.

= means are significantly

different at p<0.05; "**" = means are significantly
different at p<0.01; both by t-test analysis.
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trans-permethrin and fenvalerate.
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DISCUSSION

trans-Permethrin hydrolysis is typically more rapid
than cis-permethrin hydrolysis in insects (9). This trend
was noted throughout the present study in all cases,
although the differences were greatest in P. includens. The
rate of hydrolysis of fenvalerate was generally similar to
that for cis-permethrin, although slightly higher in most
cases.
The results of the H. virescens larval feeding studies
suggest that the higher rates of pyrethroid hydrolysis seen
in the field collected larvae may be due to plant feeding,
since laboratory strains fed on plants also had higher
levels of activity compared to those fed on the artificial
diet. Since this trend was not seen for the P. includens
larvae tested, it may be possible that laboratory reared P.
includens lost the ability to respond to plant
allelochemicals more rapidly than the H. virescens larvae
did.
Different varieties or species of host plants, and
different chemicals have been shown to cause changes in
levels of activity of enzymes associated with
detoxification. For example, mixed function oxidase (MFO)
activity was induced in Spodoptera eridania with
plant-derived terpenoids, steriods, and guinones (3).
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Likewise, extensive induction of a variety of detoxifying
enzymes has been produced by feeding S. frugiperda different
host plants or allelochemicals (4,5). The cotton
allelochemical, gossypol, stimulates microsomal
N-demethylase activity in S. littoralis (16).
Since the activity of detoxifying enzymes is affected
by feeding on different plants, it is not surprising that
differential plant feeding can also affect insecticide
toxicity. Permethrin and carbaryl toxicity to S. frugiperda
is modified by differential host plant feeding (17), as is
the toxicity of other insecticides (4). The differential
host plant feeding of S. frugiperda larvae also causes an
increase in the rate of sulfoxidation of the insecticide
phorate (20). The P. includens larvae that feed on the
insect-resistant soybean variety ED73371 are more
susceptible to methyl parathion than are larvae that feed on
the susceptible variety Bragg (6 ). Incorporation of gossypol
into artificial diets reduces the toxicity of methyl
parathion to H. virescens, although no changes in toxicity
are found for insects fed on high vs. low gossypol varieties
in the field (18). Feeding on cotton produces a variety of
responses to different insecticides in Heliothis spp.,

(see

19 for review).
The results of the present study indicate that
differential plant feeding can cause changes in the rates of
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hydrolysis of three pyrethroid insecticides. The results
from the leaf feeding study with the laboratory strain of P.
includens suggest that feeding on the resistant soybean
strain (PI227687) may result in lesser toxicity, since the
rate of hydrolysis of the pyrethroids tends to be greater
than those fed on the susceptible strain (Bragg). However,
extracts containing the insect resistance factors from
PI227686 caused decreases (ca. 20%) in the rates of
hydrolysis of cis-permethrin and fenvalerate (Dowd et al.
I

unpublished). These results suggest that the factors
responsible for insect resistance in a plant may not be the
factors which cause changes in enzyme activity when an
insect feeds on the entire plant.
The present study indicates pyrethroid hydrolysis can
be altered by plant feeding in H. virescens and P.
includens. The rates of permethrin and fenvalerate
hydrolysis were generally increased when H. virescens were
fed on both cotton and tobacco. These increases in
hydrolysis would be expected to lower toxicity to some
extent, since hydrolysis is a major form of pyrethroid
metabolism in H. virescens (11). Hence, toxicity testing of
pyrethroids on H. virescens reared on formulated diets in
the laboratory would potentially be expected to differ from
that obtained under field conditions, partially due
responses of detoxifying enzyme systems to plant feeding
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itself.
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The hydrolysis of trans-permethrin increased during the
development of feeding last instars of P. includens in the
midgut, fat body, and cuticle. The activity then declined as
time of pupation approached. The changes in rates of
hydrolysis of trans-permethrin did not appear related to the
changes in alpha-naphthyl acetate hydrolysis in the midgut
or cuticle. Changes in rates of hydrolysis of
trans-permethrin were definitely not related to changes in
the rates of alpha-naphthyl acetate hydrolysis in the fat
body, as the rate of hydrolysis of alpha-naphthyl acetate
increased up until pupation, in contrast to the response
seen for trans-permethrin hydrolysis. All three tissues had
pH optimum at or around 7.4, while some tissues had
additional optima. The midgut was the most active tissue,
followed by the fat body, and then the cuticle. Toxicity
studies indicated decreases in toxicity were associated with
increases in rates of hydrolysis.
In a more comprehensive developmental study, eggs,
feeding and wandering larvae, pupae, and adults of P.
includens and H. virescens hydrolyzed cis- and
trans-permethrin and fenvalerate. The rate of hydrolysis on
a per individual basis generally increased logarithmically
throughout larval development in both insect species for all
three pyrethroids. trans-Permethrin was hydrolyzed the most
rapidly of the three pyrethroids in both insect species
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throughout development, while rates of hydrolysis of
fenvalerate and cis-permethrin were generally similar under
the same conditions. Activity was highest on a per
individual basis during the later instars, while activity on
a per mg protein basis was highest in earlier instars. In
toxicity studies of third vs. last instars larvae, increases
in hydrolysis appeared to be associated with decreases in
toxicity, although no one to one relationship was present.
Separation of trans-permethrin hydrolyzing enzymes by
gel filtration, gel electrophoresis, and narrow range
isoelectric focusing indicated only one enzyme (or closely
related enzyme forms) was responsible. The enzyme had a
molecular weight of ca. 80,000, a pi of ca. 4.7, a Km of 60
(iM, and was susceptible to inhibition by organophosphates,
carbamates, chelators, and sulfhydryl group reagents. The
trans-permethrin hydrolyzing enzymes separated by
electrophoretic methods were distinct from most of enzymes
responsible for alpha-naphthyl acetate hydrolysis.
Further investigation of the native role of the
trans-permethrin hydrolyzing enzyme from the midgut of P.
includens indicated that it had some properties similar to
the enzyme responsible for leucine beta-naphthylamide
hydrolysis (assumed to be leucine aminopeptidase). Both
trans-permethrin and leucine beta-naphthylamide hydrolysis
had the same Rf when separated by gel electrophoresis.
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Trans-permethrin hydrolysis was inhibited by substrates and
competative inhibitors of leucine aminopeptidase, while
sulfhydryl group reagents and chelators inhibited the
activity of both enzymes. However, organophosphates and
carbamates were only partially successful in inhibiting
leucine beta-naphthylamide hydrolysis, and the leucine
aminopeptidase had a higher molecular weight (ca. 110,000)
than the enzyme responsible for trans-permethrin hydrolysis.
The trans-permethrin hydrolyzing enzyme from the midgut
of P. includens appeared to be identical to that of the
cis-permethrin hydrolyzing enzyme, as indicated by activity
patterns from gel filtration and isoelectric focusing, and
from responses to different concentrations of selected
organophosphates, sulfhydryl group reagents, and chelators.
However, the enzymes responsible for fenvalerate hydrolysis
appeared to be different from those responsible for
permethrin hydrolysis. The molecular weights of the
fenvalerate hydrolyzing enzymes were ca. 60,000, four
distinct enzymes were separated by narrow range isoelectric
focusing, and biphasic inhibition curves were generated with
all three classes of inhibitors.
The midguts of P. includens and H. virescens were
generally the most active tissues in hydrolyzing both
isomers of permethrin and fenvalerate, although the midgut
of P. includens was the most active tissue overall. Midguts,
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enzyme activity and the presence of additional areas of
activity in the Imperial Valley strain as opposed to the lab
strain.
Field collected P. includens and H. virescens generally
had

higher rates of pyrethroid hydrolysis than the

lab

strain. This activity difference was apparently due to plant
vs.

artificial diet feeding in H. virescens, since feeding

the

lab strain Of H. virescens oncotton or tobacco resulted

in a general 2 X increase in the rate of pyrethroid
hydrolysis in third and last instar larvae. Last instar
larvae of P. includens also generally had higher rates of
pyrethroid hydrolysis when fed on an insect resistant
variety of soybeans (PI227687), as opposed to an insect
susceptible strain (Bragg), or artificial diet.
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Ingredients
431 gm water soaked pinto beans
100 gm wheat germ
64 gm brewer's yeast
50 gm soybean protein (90%)
30 gm Vanderzant vitamin mix
25 gm agar
7 gm ascorbic acid
4 gm methyl paraben
2 gm sorbic acid
18 ml 10% (from 37%) formaldehyde
1600 ml tap water

The agar and 700 ml of water are brought to a boil ("skin"
begins to form on agar). The boiling agar is added to the
other ingredients (the rest of the water should be hot from
the tap), which have been blended for 2 min on "lo" with a
Waring® commercial blender. The combination is then blended
on lo for 2 min, and then dispensed. All ingredients are
from U.S. Biochemicals, with the exception of the
formaldehyde, which is from Aldrich Chemical Co., and the
beans, which are from L.S.U. food services (whatever brand
they have in stock).
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Since the separation of the pyrethroids from their acid
or alcohol metabolites is not 100% under the conditions
used, the actual amount (counts) of each must be calculated.
The method for doing this is derived by use of simultaneous
equations in the following manner:

If:
DCA=counts from the aqueous partition phase
DCO=counts from the organic partition phase
PA=partition of the pyrethroid in the aqueous phase
PO=partition of the pyrethroid in the organic phase
AA=partition of the alcohol (or acid) in the aqueous phase
AO=partition of the alcohol (or acid) in the organic phase
CP=actual counts from the pyrethroid
CA=actual counts from the alcohol (or acid)
Then:
DCA « PA*CP + AA*CA and DCO = AO*CA + PO*CP
Solving initially for CA:
DCA - PA*CP » AA*CA
(DCA - PA*CP) / AA = CA
Substituting into the other equation:
DCO = AO*(DCA - PA*CP) / (AA + PO*CP)
DCO » (AO*DCA/AA) - (PA*CP*A0) / (AA + P0*CP)
DC0*AA = DCA*AO - PA*CP*AO + AA*CP*PO
DCO*AA - DCA*AO = PO*AA*CP - AO*PA*CP
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DCO*AA - DCA*AO = CP*(PO*AA - AO*PA)
(DCO*AA - DCA*AO) / (PO*AA - AO*PA) = CP
The value of CA is determined in an analogous manner:
DCO - AO*CA = PO*CP
(DCO - AO*CA) / PO - CP
Substituting into the other equation:
DCA = (PA*(DCO - AO*CA) / PO) + AA*CA
DCA*PO -

DCO*PA - AO*PA*CA + PO*AA*CA

DCA*PO -

DCO*PA = PO*AA*CA - AO*PA*CA

DCA*PO -

DCO*PA = (PO*AA - AO*PA)CA

(DCA*PO - DCO*PA) / (PO*AA - AO*PA) = CA

Of course, with the size of the samples (100 pi) which
are taken from each phase (400 pi aqueous and 250 pi
organic), further adjustment is necessary. The samples are
taken with 100 pi microcaps, which are rinsed 10 X in either
hexane (for organic samples) or acetone (for aqueous
samples) between each sample. A small volume of air is held
in the microcap when taking samples of the aqueous layer
(which is on the bottom), which is expelled before sample
removal, in order to prevent any of the organic layer from
entering the microcap. In order to increase the speed of
sampling, a special mount is attached to a Pipetman® P-200,
and the Pipetman is set to 120 (pi). Approximately 3 cm of
the end of a Stylex® 1 cc syringe is removed, the section is
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placed over the end of the Pipetman, and then sealed with
Parafilm®. A rubber tip from a microcap sampler is then
placed over the end of the syringe tip. The microcap is then
inserted into the rubber tip, and the sample is drawn up the
microcap by slowly releasing the spring tension on the
Pipetman plunger until the solution fills the microcap to
the indicator line. Rinsing can be accomplished by rapid
pumping of the Pipetman with the microcap inserted in the
appropriate cleaning solution.
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Compounds tested as inhibitors of trans-permethrin
hydrolysis by P. includens midgut homogenates at 10“^ m

Compound

% Inhibition

avermectin

82.4 +

chlordimeform

42.6 + 28.5

2 ,4-dinitrofluorobenzene

93.2 +

5.1

2-hydroxy-5-nitrobenzyl bromide

84.8 +

6.6

N-acetylimidazole

41.4 + 14.4

2-iodobenzoic acid

89.5 +

6.2

1.7 +

2.8

2-methoxy-5-nitrobenzyl bromide

95.5 +

6.2

piperidolate

71.6 + 14.7

phenylmethylsulfonyl fluoride

79.1 +

puromycin (5 X 10"^M)

25.6 + 18.4

TPCK

28.4 +

5.5

trans-cinnamic acid

90.0 +

6.4

L-leucine hydroxamate

9.3

8.7

TPCK=L-l-tosylamide 2-phenylethyl chloromethyl ketone.
Assays were run as described in Chapter 8. All compounds
were from Sigma Chemical Co.; except for the avermectin,
which was from Merck, Sharp, and Dohme; and the
chlordimeform, which was from NOR-AM.
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